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Preface and Introduction 
The aim of this work is to investigate lead-free ferroelectric ceramic/ceramic composites, with the ultimate goal 
of elucidating the mechanisms of their enhanced electromechanical response. Previous work has shown that a composite 
comprised of a highly disordered nonpolar ferroelectric matrix material and an ordered polar seed material results in an 
increased electromechanical response under specific circumstances [1], [2]. The mechanisms used to explain this 
enhancement have been based on the electrical and mechanical interactions between the seed and matrix during application 
of an electric field. 
It is this author’s assertion that the interactions between the seed and matrix during processing also play a 
significant role in the enhancement observed in lead-free ferroelectric composite systems. The fabrication of 
ceramic/ceramic composites requires high-temperature sintering of the seed and matrix for formation of densified pellets. 
As densification during sintering is a diffusion driven process, and the two constituents are not chemically identical, 
fundamental laws of kinetics dictate that diffusion between the two constituents should occur at the high temperatures 
required for ceramics processing. In addition, because the densification process is not identical between the two 
constituents, a difference in the sintering trajectories will result in a nonzero stress state during sintering, which is well 
established to effect the microstructure [3]–[6]. The structure-property relationships in composites can provide new insight 
into these mechanisms, but there have been significant challenges in investigating structure at the microscale. To that end, 
model systems of 2-2 composites were prepared and utilized to investigate these phenomena. 
2-2 composites facilitate the investigation of chemical interactions between the two constituents. The influence 
of chemistry on the electromechanical behavior of ferroelectrics is profound. This work focuses on the perovskite family, 
with the crystal structure ABO3. The more chemically inhomogeneous the system, the more complex this perovskite crystal 
structure is, due to multiple A- and B-site cation occupancies. The ionic radius and oxidation state of the A- and B-site 
cations have a profound influence on the electromechanical response. In a polycrystalline material, this discussion is further 
complicated by the formation of chemically inhomogeneous grains, which form a core-shell structure. In fact, the 
composite structure as a means of improving electromechanical behavior was first proposed based on the idea of emulating 
the core-shell inhomogeneity observed in certain lead-free piezoceramics [7]. Therefore, the path to improving 
piezoceramics through the composite approach must include an investigation of the influence of chemical interactions on 
their electromechanical response. However, probing the chemistry and its impact on crystal structure in 0-3 composites has 
proven quite challenging. The 2-2 composite structure allows for an investigation of these interactions through readily 
available laboratory equipment, such as scanning electron microscopes and laboratory-based X-ray diffraction tools.  
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2-2 composites also allow for a more simplified investigation of the stress state. In 0-3 composites, the difference 
in thermal strain both during sintering and during cooling in the densified body results in a fairly complex three-dimensional 
stress state. A 2-2 composite, on the other hand, results in two-dimensional biaxial in-plane stresses. In this work, the 
stresses generated are treated as uniform throughout each layer, which is an assumption for the ease of discussion and 
calculation that does not correspond to the reality of stress gradients in the final sintered body. In addition to the influence 
of stress on microstructure during sintering, the residual stress state in the final sintered body will have an influence on the 
electromechanical response of the composite. Because many ferroelectrics also have a ferroelastic response, an 
investigation of the influence of mechanical stress on the crystal structure as well as the dielectric and ferroelectric 
properties of lead-free ferroelectrics was performed in this work as well. This investigation provides insight on the 
electromechanical response of composites in which internal stresses are present. 
In light of the influences of diffusion and internal stress on electromechanical behavior, the electromechanical 
response of several 0-3 and 2-2 composite systems are investigated. The influence of co-sintering interactions on the 
electromechanical behavior of electroceramics plays an important role in the improvement of lead-free material systems 
for the replacement of current commercially dominant lead-based systems. It is the hope of this author that the results 
discussed herein will provide insight and inspiration for future investigations in this field, enabling the development of 
viable lead-free alternatives for piezoelectric ceramics. 
  
   
v 
 
Table of Contents 
Acknowledgements ............................................................................................................................................. i 
Preface and Introduction ................................................................................................................................. iii 
Table of Contents ............................................................................................................................................... v 
Table of Figures ................................................................................................................................................. x 
Table of Abbreviations and Symbols ............................................................................................................. xx 
1. Theoretical Background ...................................................................................................................... 1 
 Ceramics .......................................................................................................................................... 1 
 Electroceramics ............................................................................................................................... 3 
 Dielectrics ........................................................................................................................................ 4 
1.3.1. Polarization Response in Dielectrics ............................................................................... 4 
1.3.2. Equivalent Circuit Model of Dielectrics .......................................................................... 7 
1.3.3. Frequency Dependence of Dielectric Response .............................................................. 8 
 Crystallinity of Electroceramics .................................................................................................... 10 
 Pyroelectricity ............................................................................................................................... 12 
 Piezoelectricity .............................................................................................................................. 12 
 Ferroelectricity .............................................................................................................................. 13 
1.7.1. Ferroelectric Domain Formation ................................................................................... 13 
1.7.2. Ferroelectric Hysteresis ................................................................................................. 14 
1.7.3. Ferroelectric Temperature Dependence......................................................................... 16 
 Relaxors ......................................................................................................................................... 17 
1.8.1. Ergodic and Nonergodic Relaxors ................................................................................. 19 
 Ferroelasticity ................................................................................................................................ 22 
2. Literature Review ............................................................................................................................... 25 
   
vi 
 
 Lead-Based Ferroelectrics ............................................................................................................. 25 
 Lead-Free Ferroelectrics ................................................................................................................ 26 
2.2.1. BNT-BT-KNN ............................................................................................................... 32 
2.2.2. BNT-ST ......................................................................................................................... 33 
2.2.3. BNKT-BA ..................................................................................................................... 34 
 Ferroelectric Composites ............................................................................................................... 35 
3. Experimental Methods ....................................................................................................................... 48 
 Powder and Sample Preparation .................................................................................................... 48 
3.1.1. Density........................................................................................................................... 50 
 Electrical Characterization ............................................................................................................ 51 
3.2.1. Strain and Polarization as a Function of Electric Field and Frequency ......................... 51 
3.2.2. Small Signal Dielectric Response Measurements ......................................................... 53 
 Mechanical Characterization ......................................................................................................... 53 
3.3.1. Large Signal Stress-Dependent Measurements ............................................................. 53 
3.3.2. Vickers Indentation ....................................................................................................... 54 
3.3.3. Nanoindentation ............................................................................................................ 55 
 Microstructural Characterization ................................................................................................... 55 
3.4.1. SEM Sample Preparation and Measurements ............................................................... 55 
3.4.2. Light Microscopy .......................................................................................................... 56 
3.4.3. Transmission Electron Microscopy ............................................................................... 56 
3.4.4. Nuclear Magnetic Resonance ........................................................................................ 56 
3.4.5. Raman Spectroscopy ..................................................................................................... 57 
3.4.6. X-ray Diffraction ........................................................................................................... 57 
4. Investigations of Ceramic/Ceramic Composite Chemical Composition, Correlated Crystal 
Structure and the Influence of Processing ....................................................................................... 59 
 Introduction ................................................................................................................................... 59 
 XRD of Sintered Constituents ....................................................................................................... 60 
 BNT-6BT-3KNN/BNT-7BT Composites ..................................................................................... 60 
4.3.1. Crystal Structure of BNT-BT-3KNN/10% BNT-7BT 2-2 composite ........................... 60 
   
vii 
 
4.3.2. Crystal Structure of BNT-BT-3KNN/20% BNT-7BT 2-2 composite ........................... 69 
 BNKT-6BA/BNT-7BT Composites .............................................................................................. 77 
4.4.1. Chemical Composition and Crystal Structure in 0-3 BNKT-6BA/BNT-7BT Composites
 .................................................................................................................................... 78 
4.4.2. Interdiffusion in 2-2 BNKT-6BA/BNT-7BT Composites as a Function of Composition
 .................................................................................................................................... 80 
4.4.3. Crystal Structure of 2-2 BNKT-6BA/BNT-7BT Composites ....................................... 83 
4.4.4. NMR Investigations of Al in BNKT-6BA/BNT-7BT Composites ............................... 88 
4.4.5. Interdiffusion in BNKT-6BA/BNT-7BT 2-2 Composites as a Function of Sintering 
Time ........................................................................................................................... 95 
4.4.6. Crystal Structure of BNKT-6BA/BNT-7BT Composites as a Function of Sintering 
Time ........................................................................................................................... 98 
 Summary ..................................................................................................................................... 107 
5. Internal Stresses in 2-2 Composites and Influences on Microstructure and Electromechanical 
Behavior ............................................................................................................................................ 108 
 Introduction ................................................................................................................................. 108 
 Methodology: Calculation of Internal Stresses ........................................................................... 110 
 Thermal Strains ........................................................................................................................... 110 
5.3.1. Residual Stresses during Sintering .............................................................................. 111 
5.3.2. Influence of Sintering Stress on Microstructure: BNKT-6BA/BNT-7BT 2-2 
Composites ............................................................................................................... 114 
5.3.3. Residual Stresses Due to Differences of CTE in Sintered Bodies............................... 118 
5.3.4. Crack Propagation in 2-2 Composites as Evidence of Residual Stress States ............ 122 
 Influences of Mechanical Stress .................................................................................................. 126 
5.4.1. Influence of Mechanical Stress on Crystal Structure .................................................. 126 
5.4.2. Influence of Stress on Mechanical Properties in Bulk End Members ......................... 129 
5.4.3. Local Mechanical Properties of 2-2 Composites Investigated by Nanoindentation .... 130 
 Internal Stresses in 2-2 Composites due to Piezoelectric Interactions ........................................ 133 
5.5.1. Influence of Mechanical Stress on Dielectric and Ferroelectric Response of Pure 
Constituents .............................................................................................................. 137 
 Summary ..................................................................................................................................... 141 
   
viii 
 
6. Dielectric, Ferroelectric and Ferroelastic Behavior of Lead-Free Composite Systems ............. 143 
 Introduction ................................................................................................................................. 143 
 Temperature and Frequency Dependent Small Signal Dielectric Behavior of Lead-Free 
Ceramic/Ceramic Composites ............................................................................................... 143 
6.2.1. Dielectric Behavior of BNT-based Relaxors as a Function of Temperature and 
Frequency ................................................................................................................. 144 
6.2.2. Small Signal Dielectric Behavior of BNT-BT-KNN/BNT-BT Composites as a Function 
of Temperature and Frequency ................................................................................. 146 
6.2.3. Small Signal Dielectric Behavior of BNKT-6BA/BNT-BT Composites as a Function of 
Temperature and Frequency ..................................................................................... 151 
 Large Signal Ferroelectric Behavior of Lead-free Ceramic/Ceramic Composites ...................... 154 
6.3.1. Large Signal Ferroelectric and Piezoelectric Response of BNT-6BT-3KNN/BNT-7BT 
0-3 and 2-2 Composites ............................................................................................ 156 
6.3.2. Influence of Temperature on Large Signal Ferroelectric and Piezoelectric Response of 
BNT-BT-KNN/BNT-7BT 2-2 Composites .............................................................. 160 
6.3.3. Local Electromechanical Behavior of BNT-BT-KNN/BNT-7BT 2-2 Composites .... 167 
6.3.4. Large Signal Ferroelectric and Piezoelectric Response of BNKT-6BA/BNT-7BT 0-3 
and 2-2 Composites .................................................................................................. 169 
6.3.5. Influence of Sintering Time on Bulk Electromechanical Response in BNKT-BA/BNT-
7BT 2-2 composites ................................................................................................. 174 
 Large Signal Ferroelastic Stress-Strain Behavior in Lead-free Composites ............................... 177 
6.4.1. Ferroelastic Behavior of Pure Constituents BNT-6BT-3KNN and BNT-7BT ........... 178 
6.4.2. Ferroelastic Behavior of 0-3 BNT-BT-KNN/BNT-7BT Composites ......................... 180 
 Summary ..................................................................................................................................... 186 
7. Appendix: Composites of BNT-25ST/BNT-7BT ............................................................................ 188 
 EDS SEM in BNT-ST/BNT-7BT (2-2) ....................................................................................... 188 
 Raman investigations of BNT-25ST/BNT-7BT 2-2 composites ................................................. 190 
 Small Signal Dielectric Behavior of BNT-25ST/BNT-7BT composites as a Function of 
Temperature and Frequency .................................................................................................. 190 
   
ix 
 
 Large Signal Ferroelectric and Piezoelectric Response of BNT-25ST/BNT-7BT 0-3 and 2-2 
Composites ............................................................................................................................ 195 
Bibliography ................................................................................................................................................... 198 
Curriculum Vitae........................................................................................................................................... 206 
 
  
   
x 
 
Table of Figures 
Figure 1.1: Summary of structure-property relationships in ceramics ................................................................ 2 
Figure 1.2: Mechanisms of densification and grain growth, from [9] ................................................................. 3 
Figure 1.3: Dielectrics and subcategories thereof, including pyroelectrics, piezoelectrics, and ferroelectrics ... 5 
Figure 1.4: Polarization response to an applied electric field through the formation of internal fields, modified 
from [14] ..................................................................................................................................................... 6 
Figure 1.5: Equivalent circuit for dielectric materials ......................................................................................... 8 
Figure 1.6: Dependence of dielectric response on frequency, with top panel showing permittivity and bottom 
panel showing dielectric loss, from [16] ................................................................................................... 10 
Figure 1.7: The ideal cubic perovskite structure. Large open circles denote the oxygen atoms, smaller open and 
solid circles denote the metal cations with A and B sites, respectively, from [19] ................................... 12 
Figure 1.8: Depiction of optimized domain configuration mechanisms and influence of poling on polycrystalline 
ceramic domain orientation, modified from [21] ...................................................................................... 14 
Figure 1.9: Dielectric charge as a function of electric field in Rochelle Salt, from [22] ................................... 15 
Figure 1.10: Schematic of polarization and strain response to applied electric field, with associated domain 
configurations (A): random orientation of unpoled polycrystalline ceramic (B) Domain growth along 
positive applied electric field (C) Remanent strain and polarization due to aligned domains remaining after 
removal of applied field (D) back-switching to random orientation of domains resulting in net zero 
polarization and a negative strain response (E) Domain growth along the negative applied electric field (F) 
Remanent strain and polarization due to remaining domains aligned along negative field direction after 
removal of field ......................................................................................................................................... 16 
Figure 1.11: Temperature-dependent dielectric behavior as it relates to crystallographic phase transitions, 
modified from [16] .................................................................................................................................... 17 
Figure 1.12: Comparison of the dielectric and ferroelectric behavior between classic ferroelectrics and relaxors, 
from left to right, a narrow polarization loop as compared to ferroelectrics, a broad temperature-dependent 
transition of the polarization state in relaxors as compared to a sharp one at Tc in ferroelectrics, and 
temperature-dependent permittivity, modified from [12] .......................................................................... 18 
Figure 1.13: Temperature evolution of dielectric and structural properties in relaxor materials (a) canonical 
relaxor (b) diffuse relaor to ferroelectric phase transition at TC<Tm (c) crystal with sharp relaxor-to-
ferroelectric transition at TC<Tma (d) crystal with sharp relaxor-to-ferroelectric transition at TC=Tm . The 
temperature dependence of the dielectric constant at different frequencies is shown, and the temperature 
   
xi 
 
intervals governed by the Curie-Weiss law. PE indicates a paraelectric phase, NR indicates a nonergodic 
relaxor, ER is an ergodic relaxor and FE is a ferroelectric phase, modified from [37] ............................. 21 
Figure 1.14: Schematic of thermal evolution of PNRs in ergodic and nonergodic relaxors and their contributions 
to the dielectric constant, modified from [38] ........................................................................................... 22 
Figure 1.15: Mechanical hysteresis in Pb3(PO4)2 with applied uniaxial stress, one of the first recorded 
measurements of ferroelastic behavior [41] .............................................................................................. 23 
Figure 1.16: Domain orientation under applied stress, depicting the ferroelastic behavior of PZT, modified from 
[46]. ........................................................................................................................................................... 24 
Figure 2.1: Electric-field-induced strains of (a) BT, (b) KNN, and (c) BNT with the associated volume change, 
measured during bipolar poling cycle at 50 mHz. Black represents the longitudinal strain, red represents 
the transverse strain and blue represents the total volume change determined from the transverse and 
longitudinal strains. Note that the maximum electric field applied for BNT is larger at 8 kV/mm than that 
of BT or KNN [59]. ................................................................................................................................... 26 
Figure 2.2: Phase diagram of BNT-BT as a function of composition and temperature, from [65]. .................. 29 
Figure 2.3: Phase diagram of BNKT as a function of composition and temperature [81]. ............................... 30 
Figure 2.4: TEM and SAED of relaxor ferroelectrics and the relevant structural information derived thereof, in 
BNT [87], BNKT [88], BT [89], and BNT-BT [69] ................................................................................. 31 
Figure 2.5: PFM investigations of field-induced polarization response in BNT-BT and BNT-BT-KNN [96] . 33 
Figure 2.6: BNT-ST and BNT-BT-KNN core-shell structure, from [105] and [100] respectively ................... 34 
Figure 2.7: Composite structures and nomenclature from [117] ....................................................................... 36 
Figure 2.8: BaSrTiO3 multilayer thin films and the enhanced piezoresponse thereof demonstrated 
experimentally in [124], accompanied by computational models of thermally graded (TG), compositionally 
graded (CG) and strain-graded (SG) thin films, in which the graded polarization response is highest for 
CG thin films, modified from [123] .......................................................................................................... 38 
Figure 2.9: Flow chart for stack actuator fabrication from lead-based materials, taken from [129] ................. 39 
Figure 2.10: Enhancement of unipolar strain and reduction of coercive field in BNKT-BA/BNT composites [2] 
and enhancement at low fields observed in BNT-BT-KNN/BNT-BT composites [1] ............................. 40 
Figure 2.11: Schematic of the equivalent circuit used for the polarization coupling model. The 0-3 and 2-2 
composites are both represented by an equivalent circuit of two nonlinear capacitors (seed and matrix) 
connected in series. .................................................................................................................................... 41 
   
xii 
 
Figure 2.12: Epol, Edep and 𝑑33 ∗ as a function of seed content from experimental data and CIS simulations in 
BNT-BT-KNN/BNT-BT composites, from [1]: Epol, Edep and d_33^* as a function of seed content from 
experimental data and CIS simulations in BNT-BT-KNN/BNT-BNT composites, from [1] ................... 43 
Figure 2.13: TEM and EDS investigations of composite materials, BNKT-BA/BNKT[136]  and BNT-BT-
KNN/BNT-BT [101] ................................................................................................................................. 45 
Figure 3.1: Flow diagram of solid-state powder synthesis ................................................................................ 48 
Figure 3.2: Flow chart of sample preparation .................................................................................................... 49 
Figure 3.3: Processing of composite samples .................................................................................................... 49 
Figure 3.4: Schematic of DIC measurement setup with applied electric field, from [170] ............................... 53 
Figure 3.5: Schematic of load frame used for stress-dependent measurements, taken from [171]: .................. 54 
Figure 3.6: Schematic of crack length analysis from Vickers indentation, with 2a being the length of the 
horizental crack and 2b being the length of the vertical crack .................................................................. 55 
Figure 4.1: XRD patterns of BNT-7BT seed, BNKT-6BA and BNT-6BT-3KNN as matrix, from 20 to 80° .. 60 
Figure 4.2: Micro-XRD of BNT-BT-KNN/BNT-BT 10% 2-2 composite with spot size resolution of 300 µm, 
full spectrum from 20° to 70°. The calculated diffraction pattern for the position at 300 µm is shown in 
green as an overlay on the experimental diffraction pattern as an example of refined structural data used to 
determine the crystal structure. (b) Phase fraction and lattice parameters of (c) p4bm and (d) r3c phase as 
a function of position. The a lattice parameter is displayed using the left axis and the c lattice parameter is 
displayed using the right axis, as indicated by the arrows. The boundaries of the seed and matrix areas are 
depicted by the red and blue rectangles along the x-axis, as well as dashed lines at the interface............ 63 
Figure 4.3: Comparison of XRD of (a) BNT-7BT and (b) BNT-BT-KNN freely sintered and in the 10% 2-2 
composite thereof, from 20 to 70° ............................................................................................................. 64 
Figure 4.4: Dependence of diffraction profiles on position in BNT-6BT-3KNN/BNT-7BT 10% 2-2 composite 
at the (111) and (200) reflections, the red region from 990 - 1220 µm indicating the seed and the blue 
regions from 330 -990 and 1220 -1920 µm indicating the matrix components of the composite ............. 65 
Figure 4.5: Normalized intensity of (111) and (200) reflections of 10% BNT-BT-KNN/BNT-7BT 2-2 composite 
in diffraction patterns of the matrix region at 500 and 520 µm, and the seed region at 1100, 1120 and 1140 
µm of the 10% 2-2 BNT-BT-KNN/BNT-BT composite .......................................................................... 66 
Figure 4.6: Normalized intensity of (111) and (200) reflections of 10% BNT-BT-KNN/BNT-7BT 2-2 composite 
analysis in the interface region of 900-1040 µm of the 10% 2-2 BNT-BT-KNN/BNT-BT composite .... 68 
   
xiii 
 
Figure 4.7: (a) Micro-XRD of BNT-B T-KNN/BNT-BT 20% 2-2 composite with spot size resolution of 300 
µm, full spectrum from 20° to 70°. (b) Phase fraction and lattice parameters of the (c) p4bm and (d) r3c 
phases are shown on the right. The a lattice parameter is displayed using the left axis with closed squares 
and the c lattice parameter is displayed using the right axis using open squares, as indicated by the arrows. 
The boundaries of the seed and matrix areas are depicted by the red and blue rectangles along the x-axis, 
as well as dashed lines at the interface. ..................................................................................................... 71 
Figure 4.8: Comparison of XRD of (a) BNT-7BT and (b) BNT-6BT-3KNN freely sintered and in the 20% 2-2 
composite thereof, from 20° to 70° ........................................................................................................... 72 
Figure 4.9: Normalized intensity of (111) and (200) reflections of 10% BNT-BT-KNN/BNT-7BT 2-2 composite 
in diffraction patterns of the matrix region at 500 and 520 µm, and the seed region at 1100, 1120 and 1140 
µm of the 10% 2-2 BNT-BT-KNN/BNT-BT composite .......................................................................... 73 
Figure 4.10: Normalized intensity of (111) and (200) reflections of 20% BNT-BT-KNN/BNT-7BT 2-2 
composite from the bottom matrix region at 560, 660, 760, 960 and 1140 µm, with the deconvoluted peaks 
shown with a thin black line and the cumulative peak fit shown with a dotted orange line ..................... 75 
Figure 4.11: TEM Bright-field image and associated phase definition of BNT-6BT-2KNN/10%BNT-6BT 0-3 
composite, obtained by ASTAR automated phase and orientation mapping. TEM results obtained by Dr. 
Ljubomira Schmitt, samples prepared by Dr. Claudia Groh in 2014, used with permission .................... 76 
Figure 4.12: (a) STEM-HAADF of BNKT-6BA/BNT-7BT 50% 0-3 composite (b) Table of Na, Al, K, Ti, Ba 
and Bi content at 5 points in the sample .................................................................................................... 79 
Figure 4.13: TEM bright-field images of BNKT-6BA/BNTBNT-7BT 50% composite. (a) Grain 1 (b) Grain 2 
(c) SAED pattern for Grain 1 (d) SAED pattern for Grain 2 with arrows indicating ½ (ooo) reflections 80 
Figure 4.14: Distribution of Al, K and Ba through the thickness of 2-2 composites with (a) 10% (b) 20% (c) 
30% (d) 40% and (e) 50% seed content, as measured with EDS. The diffusivity constant of Al and K as a 
function of seed content is presented in (f) with a logarithmic scale on the Y axis. The nominal value of Al 
content is shown with a blue line across the top, and the nominal seed region is shown with a green 
rectangle in graphs (a) – (e), the nominal value of Ba content is 7% and the nominal value of K is 11%.
 ................................................................................................................................................................... 82 
Figure 4.15: Comparison of XRD patterns of freely sintered BNKT-6BA and BNT-7BT and inside the 30% 2-
2 composite at 100-200 µm and 1000-1200 µm respectively, collected from 20°-70° ............................. 84 
Figure 4.16: The collected diffraction patterns from 20-70° through the thickness of a 50% BNKT-6BA/BNT-
7BT composite are shown in (a), while (b) shows the calculated  c and a lattice parameters and lattice 
distortion through the thickness of the sample. The blue lines, solid and dashed, respectively represent the 
   
xiv 
 
a and c lattice parameters of freely sintered BNKT- 6BA, and the red lines, solid and dashed respectively 
represent the a and c lattice parameters of freely sintered BNT-7BT. ...................................................... 87 
Figure 4.17: 23Na MAS NMR spectra of five 2-2 composite samples with varying seed content, followed by 
BNT-7BT (seed) and BNKT-6BA (matrix). (a) zoomed in at the central transition, (b) zoomed out to show 
the spinning sidebands envelope of the satellite transitions ...................................................................... 89 
Figure 4.18: (a) Central transition of 27Al MAS NMR spectrum (MAS 13 kHz – field 14.1 T). B-site Al, or 
Hexa-(AlO6) and A-site tetra-coordinated (AlO4) regions from -100 to 100 ppm. (b) The  27Al MAS NMR 
spectrum of the BNKT-6BA matrix and the 50% composite, highlighting the 65 ppm and 9 ppm signals
 ................................................................................................................................................................... 90 
Figure 4.19: 27Al MAS NMR spectrum (MAS 13 kHz – field 14.1 T). (a) AlO4 signal normalized to AlO6 signal 
at 8.5ppm (b) AlO4 signal intensity normalized to signal at 68 ppm ........................................................ 91 
Figure 4.20: Hexa-coordinated (AlO6) region of 27Al NMR spectra. (a): Central transition of 27Al MAS NMR 
spectrum (MAS 13 kHz – field 14.1 T) (b)-(e) 27Al 3QMAS NMR spectra of selected samples. Both Al61 
and Al6¬2 are present in all four spectra. (b) BNKT-6BA (c) BNKT-6BA/20% BNT-7BT (d) BNKT-
6BA/30% BNT-7BT (e) BNKT-6BA/ 50% BNT-7BT ............................................................................. 92 
Figure 4.21: (a) Proposed original tetragonal structure of BNT-7BT pure seed (b) Proposed final structure of 
seed region after interdiffusion, with Al4+ ion as interstitial in BNT-7BT lattice, Ti in the B-site and Bi, 
Na, and Ba in the A-site, as well as diffused K in the A-site with A and B-site occupancy by Al based on 
NMR results (c) Proposed original tetragonal structure of BNKT-6BA pure matrix (d) Proposed final 
structure of matrix region after interdiffusion with Ba2+ in A-site ............................................................ 95 
Figure 4.22: Al (black squares), K (open squares) and Ba (red circles) content shown as normalized intensity of 
EDS signals in BNKT–BA/ 50% BNT-7BT 2-2 composites as a function of position in samples sintered 
for 2 h, 6 h, 12 h,  and 24 h. The dashed green line represents the interface between the seed and matrix 
before sintering, and the blue and red squares over the x-axis represent the seed and matrix region before 
sintering. The error bars for the K content are shown as dotted lines to distinguish from the Al content 
error, which is shown with a solid black line. ........................................................................................... 97 
Figure 4.23: Diffraction patterns across 2-2 composites of BNKT-BA/BNT-7BT at different sintering times (2 
h, 6 h, 12 h, 24 h) over the full spectrum of 20-70° ................................................................................ 100 
Figure 4.24: Lattice parameters of 2-2 BNKT-BA/BNT-7BT composites sintered at 2 h, 6 h, 12 h and 24 h as 
determined by Rietveld refinement as a function of position, and second panel where the lattice parameters 
are shown as a function of sintering time for the BNT-7BT seed region at 700 µm  and for the BNKT-6BA 
matrix region at 300 µm, with the a and c lattice parameters of the pure constituent shown in a dashed and 
solid line respectively .............................................................................................................................. 102 
   
xv 
 
Figure 4.25: (111) and (200) reflections across the seed /matrix interface in BNKT-6BA/BNT-7BT 30% 2-2 
composite, the red region from 450 – 650 µm indicating the seed and the blue regions from 0-350 µm 
indicating the matrix components of the composite. Each reflection was collected using a beam size of 50 
µm x 200 µm, every 50 µm along the length of the sample, parallel to the interface. Only one interface was 
examined. ................................................................................................................................................ 104 
Figure 4.26: Normalized intensity of (111) and (200) peaks from 150 to 500 µm in 2-2 BNKT-BA/BNT-BT 
composites sintered for 2 h, 6 h, and 24 h ............................................................................................... 106 
Figure 5.1: Sintering trajectories of BNKT-6BA/BNT-7BT and BNT-6BT-3KNN/BNT-7BT composite system 
pure end member powder from 200 to 1100 °C at a constant heating rate of 5 °C/min.......................... 111 
Figure 5.2: Schematic of internal stresses during sintering due to differences in shrinkage between seed and 
matrix layers. A dashed line represented the sample dimensions upon completion of sintering, where the 
matrix and seed layers are equal in diameter but with different residual stress states ............................ 112 
Figure 5.3: Internal stresses at sintering temperature in BNKT-BA/BNT-7BT composites and BNT-BT-
KNN/BNT-7BT composites, as a function of seed content. ................................................................... 113 
Figure 5.4: Sintering stresses as a function of temperature in each component of a 2-2 composite with 30% seed 
content, with a BNKT-6BA/BNT-7BT composite shown on the left and a BNT-6BT-3KNN composite 
shown on the right, with the assumption of constant elastic modulus, Poisson ratio and layer dimensions 
in this temperature range ......................................................................................................................... 114 
Figure 5.5: Light microscope image of 2-2 composite of BNKT-6BA/10% BNT-7BT, with a white line 
indicating the interface between the two constituents, sintered for 2 h at 1100 °C ................................. 115 
Figure 5.6: SEM micrographs of pure end members, BNT-7BT obtained with a beam of 15kV, BNT-6BT-
3KNN obtained at 6000x, with a beam of 15kV, BNKT-6BA obtained with a beam of 15kV. (Note the 
change of scale in BNKT-6BA). ............................................................................................................. 115 
Figure 5.7: Representative SEM images of grain sizes across BNKT-6BA/BNT-7BT 2-2 composites at 0.1mm, 
1.2mm, and 2.3mm from the top of the sample (a)10% seed (b) 20% seed (c) 30% seed (d) 40% seed (e) 
50% seed ................................................................................................................................................. 116 
Figure 5.8: Quantitative Analysis of Microstructure in BNKT-6BA/BNT-7BT 2-2 Composites through Grain 
Size and Porosity ..................................................................................................................................... 117 
Figure 5.9: Shrinkage as a function of temperature for BNT-7BT, BNKT-6BA and BNT-BT-3KNN, with BNT-
7BT shown in both panels to facilitate comparison with the matrix material ......................................... 119 
   
xvi 
 
Figure 5.10: CTE as a function of temperature in BNT-7BT, BNKT-6BA and BNT-BT-3KNN, with BNT-7BT 
shown in both panels to facilitate comparison with the matrix material, obtained from sintered samples 
heated to 1100 °C and then cooled. Only the cooling curve is shown. ................................................... 120 
Figure 5.11: Final stress state upon cooling from sintering temperature to room temperature in 2-2 composites 
of BNT-7BT/BNKT-6BA and BNT-7BT/BNT-BT-3KNN as a function of temperature, at a seed content 
of 30% ..................................................................................................................................................... 121 
Figure 5.12: Final stress state upon cooling from sintering temperature to room temperature in 2-2 composites 
of BNT-7BT/BNKT-6BA and BNT-7BT/BNT-BT-3KNN as a function of seed content ..................... 122 
Figure 5.13: Schematic of Vickers indentation (a) in 2-2 composite (b) crack length parallel and perpendicular 
to interface between seed and matrix ...................................................................................................... 123 
Figure 5.14: Light microscope images of Vickers indents in 2-2 composites and pure end members for 
comparison in the BNKT-6BA/BNT-7BT composite system ................................................................. 124 
Figure 5.15: Light microscope image of a Vickers indent in BNT-7BT compressed ex-situ along the y-direction 
to -400 MPa ............................................................................................................................................. 125 
Figure 5.16: Stress-induced structural changes in nonergodic BNT-7BT (a-c) and ergodic BNT-6BT-1KNN (f-
h) relaxor. Diffraction data represent the scattering vector angle perpendicular to the stress field vector. 
Macroscopic stress-strain loop for BNT-7BT and BNT-BT-KNN are shown in (d) and (h) respectively, 
from [219] ............................................................................................................................................... 127 
Figure 5.17: Stress-strain curve of BNT-7BT with partial loading in order to determine elastic modulus as a 
function of stress, shown in bottom panel, from [223] ............................................................................ 130 
Figure 5.18: Elastic modulus and hardness as a function of position in a 2-2 composite of BNKT-6BA/50% 
BNT-7BT, with the red line and blue indicating the elastic modulus of BNT-7BT and BNKT-BA 
respectively in a freely sintered disc. [223] ............................................................................................. 131 
Figure 5.19: Comparison between electric-field-induced strain determined by LVDT (red) and DIC (black) in 
BNT-7BT ................................................................................................................................................ 134 
Figure 5.20: Longitudinal and transverse strain, shown in solid and dashed lines respectively in pure end 
members BNT-BT and BNT-BT-KNN, and volume change shown in black, all in % strain ................ 135 
Figure 5.21: Stress due to difference in transvese strain in the BNT-7BT and BNT-BT-KNN layers of the 2-2 
composite (a) as a function of seed content, under fields of 1, 2 and 4 kV/mm, (b) stress as a function of 
applied electric field in a 2-2 composite of 30% seed ............................................................................. 137 
   
xvii 
 
Figure 5.22: Dielectric permittivity and loss as a function of compressive stress at 25 °C in BNT-7BT and BNT-
6BT-3KNN, solid line showing permittivity and dashed line showing dissipation factor ...................... 138 
Figure 5.23: Polarization as a function of applied electric field, at room temperature, under constant uniaxial 
compressive stresses of -10 to -200 MPa in BNT-7BT, BNT-6BT-3KNN and BNKT-6BA ................. 139 
Figure 5.24: Pmax, Prem, and Ec as a function of compressive stress in BNT-7BT, BNKT-6BA and BNT-6BT-
3KNN. ..................................................................................................................................................... 140 
Figure 6.1: Dielectric permittivity of BNT-6BT-3KNN and BNKT-6BA as a function of frequency and 
temperature, from room temperature to 450 °C ...................................................................................... 145 
Figure 6.2: Temperature and frequency dependent permittivity of BNT-BT-KNN/BNT-7BT Composites .. 148 
Figure 6.3: Temperature and frequency dependent permittivity of BNKT-BA/BNT-7BT composites .......... 153 
Figure 6.4: Large signal ferroelectric and piezoelectric response of BNT-based ERs (BNT-6BT-3KNN and 
BNKT-6BA) and NR BNT-7BT used as matrix and seed respectively, in this work, measured at 1 Hz, 25 
°C. ............................................................................................................................................................ 155 
Figure 6.5: BNT-6BT-3KNN/BNT-7BT 2-2 composites large signal ferroelectric and piezoelectric virgin 
behavior, 50 mHz, 2nd cycle ................................................................................................................... 156 
Figure 6.6: BNT-6BT-3KNN/BNT-7BT 2-2 and 0-3 composites large signal ferroelectric and piezoelectric 
behavior at 4 kV/mm maximum electric field, 1 Hz, 2nd cycle .............................................................. 157 
Figure 6.7: 𝑑33 ∗, remanent polarization and coercive field as a function of composition in BNT-BT-
KNN/BNT-7BT composites, shown for frequencies of 1 Hz and 50 mHz. 𝑑33 ∗ is shown under positive 
and negative fields to highlight the asymmetry of the bipolar strain response ....................................... 158 
Figure 6.8: BNT-7BT temperature-dependent ferroelectric response, 30 °C to 150 °C, under applied fields of 4 
kV/mm, 1 Hz, showing the 2nd strain and polarization loops ................................................................ 161 
Figure 6.9: BNT-6BT-3KNN temperature-dependent ferroelectric response, from 30 °C to 150 °C, under 
applied fields of 4 kV/mm, 1 Hz, showing the 2nd strain and polarization loops ................................... 162 
Figure 6.10: BNT-BT-KNN/BNT-BT 2-2 10%, 20%, 30% composite temperature-dependent ferroelectric 
response from 30 °C to 150 °C, under applied fields of 4 kV/mm, 1 Hz, showing 2nd loops ................. 163 
Figure 6.11: Coercive field analysis of 2-2 BNT-BT-KNN/BNT-7BT composites at different seed contents, 
showing the average coercive field and the asymmetry in the coercive field as a function of temperature, 
with the positive coercive field shown using empty symbols and negative coercive field shown using filled 
symbols .................................................................................................................................................... 165 
   
xviii 
 
Figure 6.12: Remanent polarization and large signal piezoelectric coefficient of 2-2 BNT-BT-KNN/BNT-7BT 
composites as a function of temperature at different seed contents, from 0% (pure BNT-BT-KNN), to 
100% (pure BNT-7BT) ........................................................................................................................... 166 
Figure 6.13: Strain maps of BNT-BT-KNN/BNT-7BT 2-2 composites under applied electric field of 4 kV/mm, 
10 mHz, with the black line across the panel corresponding to the applied triangular waveform of the 
electric field, whose values in % strain are indicated on the axis to the right. Obtained through DIC by Dr. 
Di Chen of the Karlsruhe Institute of Technology, with the entire sample of 2.5 mm height represented in 
each panel ................................................................................................................................................ 167 
Figure 6.14: Longitudinal and transverse strain in 2-2 BNT-BT-KNN/BNT-7BT composite by region, 1st cycle 
under 4kV/mm, 10 mHz frequency bipolar loading ................................................................................ 168 
Figure 6.15: BNKT-6BA/BNT-7BT composites large signal polarization and strain loops at 4kV/mm, 1 Hz
 ................................................................................................................................................................. 170 
Figure 6.16: BNKT-6BA/BNT-7BT composites large signal strain and polarization loops at 6kV/mm, 1 Hz
 ................................................................................................................................................................. 171 
Figure 6.17: 𝑑33 ∗, remanent polarization and coercive field as a function of seed content and composition, at 
4 and 6 kV/mm maximum electric field for BNKT-6BA/BNT-7BT composites ................................... 172 
Figure 6.18: Strain and polarization loops in response to applied electric field of 4 kV/mm, 50 mHz for 2-2 
BNKT-6BA/BNT-7BT composite of 40% BNT-7BT content sintered for 2 h, 6 h, 12 h, and 24 h ....... 175 
Figure 6.19: Effect of sintering time on strain and polarization in BNKT-BA/BNT-7BT 2-2 composite of 40% 
BNT-7BT ................................................................................................................................................ 176 
Figure 6.20: Ferroelastic behavior of BNT-7BT and BNT-6BT-3KNN at room temperature, -500 MPa 
maximum uniaxial stress, 5 MPa/s loading rate, virgin loops, one cycle ................................................ 178 
Figure 6.21: Ferroelastic behavior of BNT-7BT from -40 °C to 130 °C, under a compressive stress of 500 MPa 
applied at 5 MPa/S, 1st and 2nd cycle ....................................................................................................... 179 
Figure 6.22: Ferroelastic behavior of BNT-6BT-3KNN from -40 °C to 130 °C, under a compressive stress of 
500 MPa applied at 5 MPa/S, 1st and 2nd cycle ..................................................................................... 180 
Figure 6.23: Ferroelastic response of BNT-6BT-3KNN/BNT-7BT 0-3 composites of 10, 20 and 30% seed 
content, as a function of temperature ...................................................................................................... 181 
Figure 6.24: Ferroelastic Response of BNT-6BT-3KNN/BNT-7BT 0-3 composites with different seed contents 
at -150 °C under an applied mechanical stress of -500 MPa, 1st and 2nd loop ......................................... 182 
   
xix 
 
Figure 6.25: Back-switching, hysteresis, maximum strain and residual strain as a function of temperature for 
BNT-6BT-3KNN,BNT-7BT and 0-3 composites thereof ....................................................................... 185 
Figure 7.1: An SEM image of the cross-section of the bilayer composite (a), where the white line indicates the 
EDS scanning axis and the arrow shows the BNT-25ST/BNT-7BT interface (b) the EDS scanning results 
for strontium content as a function of distance through the thickness direction, from [290] .................. 188 
Figure 7.2: Electron backscatter image of the interface region in the BNT-7BT/BNT-25ST bilayer on the left 
and on the right, a determination of strontium content at 10 points along the scanning line (white line) 
showing the compositional variation at the interface, from [290]. .......................................................... 189 
Figure 7.3: Raman spectroscopy comparison of BNT-7BT and BNT-25ST, both freely sintered and in a 2-2 
composite, from [290] ............................................................................................................................. 190 
Figure 7.4: BNT-ST Permittivity as a function of temperature, modified from [290]. ................................... 191 
Figure 7.5: BNT-25ST/BNT-7BT composite permittivity as a function of temperature and frequency from room 
temperature – 450 °C for poled and unpoled samples ............................................................................. 193 
Figure 7.6: room temperature bipolar strain and polarization hysteresis curves for 0-3 and 2-2 composites as a 
function of constituent content, performed at a frequency of 1 Hz and a maximum electric field 4 kV/mm. 
BNT-25ST is the matrix material and BNT-7BT is the seed. ................................................................. 195 
Figure 7.7: piezoelectric coefficient, remanent polarization and coercive field as a function of seed content and 
composition, at 4 kV/mm maximum field for BNT-25ST/BNT-7BT composites .................................. 197 
 
  
   
xx 
 
Table of Abbreviations and Symbols 
BA    BiAlO3  
BT    BaTiO3 
BKT   Bi0.5K0.5TiO3  
BNKT    Bi0.5(Na1-xKx)0.5TiO3  
BNKT-BA  (1-y)Bi0.5(Na1-xKx)0.5TiO3-yBiAlO3 
BNT   Bi0.5Na0.5TiO3 
BNT-BT  (1-x)Bi0.5Na0.5TiO3-xBaTiO3 
BNT-BT-KNN   (1-x-y)Bi0.5Na0.5TiO3-xBaTiO3-yK0.5Na0.5NbO3 
BNT-ST   (1-x)Bi0.5Na0.5TiO3-xSrTiO3 
C   Capacitance 
CIP   Cold Isostatic Press 
𝑑33
∗    Piezoelectric coefficient under large signal applied electric field 
𝑑33   Piezoelectric coefficient under small-signal applied electric field 
D   Electric Displacement 
𝐷𝑥
∗   Diffusivity of element x 
DIC   Digital Image Correlation 
E   Electric field 
Ec   Coercive Electric Field 
EDS   Energy Dispersive Spectroscopy 
ER   Ergodic Relaxor 
ESRF   European Synchrotron Radiation Facility 
   
xxi 
 
HRSEM  High Resolution Scanning Electron Microscopy 
KNN   (K0.5Na0.5)NbO3 
LVDT   Linear Variable Displacement Transducer 
MPB   Morphotropic Phase Boundary 
PFM   Piezoforce Microscopy 
NMR   Nuclear Magnetic Resonance 
NR   Nonergodic Relaxor 
P   Polarization 
Pr   Remanent Polarization 
PLZT   Pb1-yLayZrxTi1-xO3 
PMN   Pb(Mg1/3Nb2/3)O3 
PNN    Pb(Ni1/3Nb2/3)O3  
PZT   PbZrxTi(1− x )O3 
Q   Charge 
ST   SrTiO3 
PNR   Polar Nanoregion 
RE   Relaxor  
SAED   Selected Area Electron Diffraction 
SEM   Scanning Electron Microscope 
Td   Depoling Temperature 
TEM   Transmission Electron Microscopy 
V   Voltage 
   
xxii 
 
XRD   X-ray diffraction 
Y   Young’s Modulus 
Symbols 
    Dielectric loss angle 
ε    Strain 
εrem    Remanent Strain 
λ   Wavelength  
σ   Mechanical Stress 
σc   Coercive Stress 
ω   Frequency 
   
1 
 
 
 
 
 
 
 
 
 
 
 
 
 
Page intentionally left blank
   
1 
 
 
1. Theoretical Background  
 Ceramics 
This work focuses on the fabrication and evaluation of lead-free piezoceramics. Therefore, an introduction to the 
general material class of ceramics, as well as more detailed information on the development of electroceramics, will be 
provided in this work to facilitate the reader’s journey into this field. 
Ceramics are defined as nonmetallic, inorganic compounds. Most ceramics are polycrystalline; however, single 
crystal ceramics are also under frequent investigation. The atomic scale of properties, such as bonding and crystal structure, 
as well as the microstructural scale of properties, such as grain size and porosity, are both known to affect the bulk properties 
of the ceramic. Intrinsic properties are determined by the behavior of the material at the atomic scale. These properties include 
the melting point, elastic modulus, and coefficient of thermal expansion. Extrinsic properties depend on the microstructure 
and include behavior such as dielectric permittivity, piezoelectric coefficient, and mechanical strength. The composition 
inherently determines the crystal structure and, therefore, intrinsic behavior of a ceramic. However, microstructural properties, 
such as grain size and porosity, can be altered during the ceramic fabrication process. It is often the microstructural properties 
that predominantly determine the final extrinsic properties relevant to the application of functional or advanced ceramics. The 
interrelationship between chemical composition, microstructure, and functional properties is depicted in Figure 1.1. Unless 
otherwise noted, the reference for Section 1.1 is from Ref. [8].  
Functional ceramics, often termed advanced ceramics, are the primary subject of this work. Significant emphasis 
has been placed on functional, or advanced ceramics, in the last 60 years. They differ from traditional ceramics in that they 
are designed around specific engineering applications. These design parameters involve careful tailoring of the fabrication 
of the material, from compositional selection to sintering routes, in order to optimize the desired bulk properties. Properties 
critical to engineering applications are highly dependent on the microstructure, and include dielectric permittivity [9], 
piezoelectric coefficients [10], mechanical hardness and yield strength [11], and a variety of others. 
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Figure 1.1: Summary of structure-property relationships in ceramics 
Several fabrication methods are common to the processing of advanced ceramics. They include chemical vapor 
deposition, directed metal oxidation, reaction bonding, sol-gel processing, polymer pyrolysis, melt casting, and solid-state 
synthesis based methods. The latter will be discussed in detail because it was the method used to produce the materials 
discussed in this thesis. 
Powder fabrication is the first step in assuring high quality functional ceramics. It is important to have high purity 
starting materials and methods that allow accurate measure of stoichiometry of the chemical composition when beginning 
powder production. A powder is shaped into what is termed a “green body” and then densified by sintering. The 
densification by sintering is sometimes preceded by a compaction step to assure homogeneous packing of the green body, 
and, thereby, a final homogeneously sintered ceramic body. As densification is a diffusion driven process, interdiffusion 
of chemical elements can create chemical inhomogeneities or even new phases during sintering. This is an important point 
for co-sintered ceramic/ceramic composites. Fabrication of ceramics from an assemblage of finely divided particles can be 
split into two methods: melt casting and firing of compacted powders. This work focuses on electroceramics produced 
from the latter, more widely used method.  
The first step for producing high quality functional ceramics is the production of high quality powder. In 
perovskite electroceramics, the calcination route is employed, in which carbonates and oxides of the starting materials are 
heated to a temperature that induces release of carbons, resulting in a solid-state reaction that forms a solid oxide powder. 
Prior to calcination, the starting powders are homogenized in size through a comminution step, generally a size reduction 
by milling. This powder is then shaped and compacted by pressing, and then densified through solid-state sintering. The 
sample is heated to within 50-75% of its melting point, resulting in a joining together of the particles by necking, wherein 
the space between the particles is filled and the sintered body is densified. This process is depicted schematically in Figure 
Chemical 
Composition
PropertiesMicrostructure
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1.2. The driving force for sintering is the reduction of free energy at the surface of the consolidated particles. This reduction 
is achieved by atomic diffusion processes that involve either transport of atoms from the inside of the grains into the pores, 
termed densification, or rearrangement of the pore surface without a decrease in the pore volume, termed coarsening. 
Sintering can be seen as a competitive interaction between the processes of coarsening and densification.  
 
Figure 1.2: Mechanisms of densification and grain growth, from [9] 
 Electroceramics 
Electroceramics are a subgroup of functional ceramics that are affected by the presence of an electrical field. The 
source for this discussion is “Electroceramics” by Moulson et al. [12], unless otherwise stated. As we approach the subject 
of ferroelectricity, we would be remised to not mention ferromagnetism, the phenomenon on which the understanding of 
ferroelectricity is based. One of the earliest examples of an electroceramic is lodestone, or magnetite (Fe3O4), which was 
first observed in the medieval period and considered useful for sorcery. An excellent example of this behavior can be 
observed not far from Darmstadt, at the Frankenstein castle, where a lodestone has supposedly served as a meeting point 
for witches for several centuries [13]. In its vicinity, compasses cannot function. However, with the addition of some 
ingenuity by modern-day engineers, this phenomenon has also been taken advantage of through its application in medicine, 
such as the Magnetic Resonance Imaging system, as well as water purification methods. An area of functional ceramics 
perhaps more relevant to the subject of the present dissertation is the use of ceramics for radio applications. This work 
focuses on the category of electroceramics that exhibit dielectric and ferroelectric behavior, for which a deeper discussion 
follows below. 
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 Dielectrics 
Dielectrics are a particularly relevant type of functional ceramic for the present study because the materials 
described in this work exhibit both dielectric and ferroelectric behavior. They are a class of insulators that respond to the 
presence of an electric field by a locally limited rearrangement of charges. All atoms undergo such a displacement in 
response to an electrical field due to the differential response of the positively charged nucleus and negatively charged 
electron cloud, i.e., dipole formation. This electrically induced displacement results in the formation of dipoles, defined as 
two point charges of equal and opposite value with a certain distance x between them. While the local internal electric field 
may vary across the sample on the micro and nanometer length scale, over the bulk of a ceramic sample an average 
polarization can be found when sufficient dipoles are aligned in the same direction, resulting in a charge distribution that 
can be treated as a capacitance. A summary of the important features of dielectrics and subcategories thereof is provided 
in Figure 1.3, those subcategories of dielectrics pertaining to this work, i.e., pyroelectrics, piezoelectrics and ferroelectrics, 
will be discussed in subsequent sections.  
 
The discussion below is modified from Ref. [14] and is depicted in graphical form in Figure 1.4. The average 
electric field E over the volume of interest V is the sum of both external and internal electrical fields e(r) and is defined as 
𝐸 =
1
𝑉
∫ 𝑑𝑉 𝑒(𝑟) 1. 1 
The macroscopic electric field caused by a uniform polarization is equal to the electric field in vacuum of a surface charge 
density on the surface of a body. This electrical field is compensated by an internal electrical field called the depolarization 
field, which is opposed to P, the polarization of the body induced by the applied electrical field. Therefore, the total 
electrical field on the specimen is the sum of the internal electrical field and the applied electrical field. The relationship 
between the induced polarization and the applied field depends linearly on the electrical susceptibility χ of the material. 
This intrinsic property can be temperature and frequency dependent. 
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Figure 1.3: Dielectrics and subcategories thereof, including pyroelectrics, piezoelectrics, and ferroelectrics 
The value of the local electric field that acts at the site of an atom is significantly different from the value of the 
macroscopic electrical field. Thus, the local field is not the same as the macroscopic average field E even in a uniform 
crystal lattice structure. The mechanism of polarization of a material is the formation of local dipoles in response to an 
electrical field. The polarization is defined as the dipole moment per unit volume, which can be written  
𝑃 = ∑ 𝑟𝑛𝑞𝑛
𝑁
0
 1. 2 
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where 𝑟𝑛 is the position vector of the charge 𝑞𝑛, and the summation is from n=1 to n=N, where N is the number of dipole 
moments. The polarization therefore is greatest when charges are accumulated in a common position r. This accumulation 
is at its maximum in electrical dipoles. The electrical field generated by these dipoles at a distance can be calculated as 
𝐸(𝑟) =  
3(𝑃 ∗ 𝑟)𝑟 − 𝑟2𝑃
4𝜋𝜖0𝑟5
 1. 3 
 
Figure 1.4: Polarization response to an applied electric field through the formation of internal fields, 
modified from [14] 
As shown in Figure 1.4, the internal electrical field on an atom in the bulk material is the sum of the external 
applied field and the fields generated by the dipole moments formed from the applied electrical field surrounding that atom. 
This is calculated using a mathematical simplification that separates the dipoles generated by the applied field into three 
groups: the electrical field called the depolarization field from fixed charges on the surface of the body, neighboring dipoles 
lying within an imaginary sphere called the Lorenz cavity field and dipoles on the surface of the Lorenz cavity. 
The Lorentz field due to the polarization charges on the surface of the Lorentz sphere can be calculated in terms of 
the polarization due to the applied electrical field. It is opposite the depolarization field. 
𝐸𝐿𝑜𝑟𝑒𝑛𝑡𝑧1 =  
1
3𝜖0
𝑃 1. 4 
The Lorentz field due to dipoles within the Lorentz cavity depends on the crystal structure of the material. For a cubic 
system, the local field on a lattice site within the Lorentz sphere can be calculated using the Lorentz relation: 
𝐸𝑙𝑜𝑐𝑎𝑙 = 𝐸 +  
1
3𝜖0
𝑃 1. 5 
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This relation states that the total electrical field acting on an atom in a cubic site is the macroscopic field E plus the field 
from the polarization of other atoms in the specimen. This is because the field within the sphere for a cubic system is zero 
when all the atoms are replaced by point dipoles parallel to each other.  
Energy losses in real materials must also be considered in determining the polarization response of dielectrics. 
There will always be a lag between the applied electric field and the polarization response through the displacement D, 
which can be represented mathematically as 
𝐸 = 𝐸0 𝑐𝑜𝑠(𝜔𝑡) 1. 6 
𝐷 = 𝐷0 𝑐𝑜𝑠(𝜔𝑡 − 𝛿) 1. 7 
where 𝛿 represents the loss angle and ω represents the frequency. In the presence of dielectric losses, the permittivity 
becomes complex and can be represented as 
𝜀 = 𝜀′ − 𝑖𝜀′′ 1. 8 
where ε′ and ε′′ represents the real and imaginary components of the permittivity, respectively. The loss angle can then be 
calculated as 
𝛿 = 𝑡𝑎𝑛−1 (𝜀
′
𝜀′′⁄ ) 1. 9 
However, loss tangent is generally reported without calculating the loss angle. The inverse of the loss tangent is called the 
quality factor, and is an important figure of merit in the use of dielectrics for radio frequency applications. Measurement 
of permittivity is performed by applying very low electric fields and determining the slope of the polarization to electric 
field, which is the value of the permittivity.  
 
Dielectrics are often treated as idealized capacitors with a zero resistance. This idealization, however, is rarely 
sufficient to describe the behavior of these materials. Therefore, it is convenient to incorporate their resistivity values into 
an equivalent circuit model. In so doing, the losses can also be accounted for. Such an equivalent circuit is shown in Figure 
1.5. 
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Figure 1.5: Equivalent circuit for dielectric materials 
The resistance can be treated as 
𝑅 =
𝑡𝑎𝑛 𝛿
𝜔𝐶
 1.1 
and represents the dielectric loss that occurs as a result of the lag between the applied electric field and the resulting 
polarization. However, C is also dependent on the frequency. Capacitance can be mathematically defined as: 
𝐶 =
𝜀𝐴
ℎ
1.2 
 A being the sample area and h being the sample height. The relative permittivity is the ratio between the permittivity of 
the material and the permittivity of air, making this value is unitless. The permittivity is defined as 
𝜀 = 𝜀0(1 +  𝜒) 1.3 
where 𝜀0 defines the permittivity of free space and χ is the electric susceptibility of the material. Permittivity is measured 
through the equivalent circuit model of a capacitor, where the charge across the capacitor and the geometry enable a 
determination of the permittivity, using the equation above.  
 
The bulk dielectric properties can be described in terms of an electric flux, or electric displacement D in response 
to an applied electric field, E, which induces a polarization, P, which can be further described mathematically by: 
𝐷 = 4𝜋𝑃 + 𝐸 = 𝜀𝐸 1.4 
where ε is the dielectric constant. In an anisotropic material, 𝜀 and therefore D must be treated as tensors. Considering the 
atomic level response to electric field, it becomes apparent that the bulk polarization response is a summation of the 
response of individual atoms in a crystal lattice to the applied field. In a single crystal, the effects are relatively 
straightforward to model. However, in bulk polycrystalline ceramics, the relationship between atomic level displacement 
and the bulk response is complicated by inhomogeneities within and between individual grains. 
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The net polarization of a dielectric includes contributions from several mechanisms. Electrical and ionic 
polarization contributions arise from the crystal lattice of the material, and are therefore termed intrinsic contributions. 
Domain wall, orientation and space-charge polarizations are extrinsic contributions to the total polarization. Each 
contribution responds to external electric fields on different time scales and, as a consequence, different frequency regimes, 
as shown in Figure 1.6.  
Electronic polarization occurs in all dielectrics, and is based on the displacement of the negatively charged electron 
shell against the positively charged core. The electronic polarizability is generally temperature independent, and 
proportional to the volume of the electron shell. Therefore larger atoms have a larger electronic polarizability. The 
resonance of electronic polarization is in the petahertz frequency range.  
Orientation polarization is a consequence of the alignment of permanent dipoles. An external electric field can 
generate a preferred orientation of the dipoles, which is disrupted by thermal energy. In ceramics, the frequency range for 
orientation polarization is in the 10-3 – 106 Hz range. 
Ionic polarization occurs in ionic crystals as a consequence of the displacement of positive and negative sublattices 
under an applied electric field above the megahertz range. The charge distribution arising from ionic and atomic 
displacement contributes to the charge from dipole displacement, and, therefore, increase the total charge measured across 
the sample. Therefore, measurements of permittivity are usually performed over a limited frequency range of 104 Hz to 
limit the electrical interactions to ionic and electronic polarization.  
At frequencies in the 10-3 Hz range, the influence of space-charge polarization due to Maxwell-Wagner 
interactions can be detected. Such interactions occur at the interface of two materials with different charge carrier relaxation 
times, and are usually related to chemical inhomogeneities [15]. Space-charge polarization can be distinguished from 
orientation polarization in that it is not temperature-dependent, whereas the dielectric response of orientation dipoles reduce 
with temperature.  
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Figure 1.6: Dependence of dielectric response on frequency, with top panel showing permittivity and 
bottom panel showing dielectric loss, from [16] 
The discussion below considers a largely simplified system in which the electric response is considered only in 
the range of a few unit cells of a dielectrically susceptible crystal lattice.  
 Crystallinity of Electroceramics 
An asymmetric crystal structure is necessary for the formation of spontaneous polarization observed in 
piezoelectric materials. Of the 32 point groups describing all crystalline systems, 11 are centrosymmetric and, therefore, 
cannot be piezoelectric. All 21 other point groups do not have an inversion center and can therefore be piezoelectric, with 
the exception of the group 432 [16]. Of these 21 points groups, there are ten polar groups with a unique polar axis that can 
exhibit spontaneous polarization and are, therefore, ferroelectric. The precise point groups belonging to each category are 
outlined in Table 1. 
For this work, the crystal structure utilized is predominantly perovskite, which at high symmetry is cubic but at 
lower symmetries transforms to an orthorhombic, rhombohedral, or tetragonal crystal structure. The prototypical perovskite 
unit cell structure is described by the expression ABO3, possessing a center B-site cation, 8 corner A-site cations, and 6 face 
centered oxygen anions, and is shown schematically in Figure 1.7.  
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Table 1: Crystallographic point groups classification categorized by point groups with relationship to 
piezoelectric and ferroelectric behavior, modified from [17]. An asterisk is placed over the 432 point 
group to highlight that despite it being a non-centrosymmetric crystal structure, it is not piezoelectric 
Crystal Class Centro-symmetric 
point groups 
(not piezoelectric)* 
Non-centrosymmetric point groups 
(piezoelectric) 
Polar 
(ferroelectric) 
Non-polar 
Cubic m3 m3m none 432* 3m 23 
Tetragonal 4 or m 4 or mmm 4 4mm 4 42m 22 
Orthorhombic mmm mm2 222 
Hexagonal 6 or m 6 or mmm 6 6mm 6 62m 622 
Trigonal 3 3m 3 3m 32 
Monoclinic 2 or m 2 m None 
Triclinic 1 1 None 
 
For a cubic lattice in the perovskite ABO3 structure, the lattice constant 𝑎 can be calculated as: 
𝑎 = √2(𝑟𝐴 + 𝑟𝑂) = 2(𝑟𝐵 + 𝑟𝑂) 1.16 
where 𝑟𝐴 is the ionic radius of the A-site cation and 𝑟𝐵 is the ionic radius of the B-site cation. Generally, this is calculated 
as the stoichiometric proportions added when mixing the chemicals randomly dispersed in a given material. Changes in 
lattice site occupancy can also change the level of symmetry in the crystal, which is reflected in a reduced Goldschmidt 
tolerance factor, expressed in the equation below: 
𝑡 =
𝑟𝐴 + 𝑟𝑂
√2(𝑟𝐵 + 𝑟𝑂)
 1. 10 
A lower t value means a lower level of symmetry. A t value of 1 represents cubic symmetry, 0.71 < t < 0.9 represents a 
tetragonal symmetry, and t < 0.71 is an orthorhombic or rhombohedral symmetry [18].  
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Figure 1.7: The ideal cubic perovskite structure. Large open circles denote the oxygen atoms, smaller open 
and solid circles denote the metal cations with A and B sites, respectively, from [19] 
 Pyroelectricity  
Pyroelectrics are dielectrics in which the spatial charge distribution is affected by temperature. The first historic 
evidence of pyroelectricity was found in tourmaline, in which it was observed that a charge was created on opposite faces 
of the crystal during heating or cooling [20]. In a crystal system that possesses a unique polar axis, a permanent electric 
dipole is formed, which is equivalent to a spontaneous polarization, accompanied by a corresponding spontaneous strain. 
Spontaneous polarization can be defined as the centers of positive and negative charges being in different positions within 
the unit cell in the absence of any external field, resulting in a permanent dipole [21]. The bulk strain and polarization in 
pyroelectrics is the result of electrostriction, or the shift of charged ions in the lattice. Electrostrictive strain is characterized 
by a quadratic relationship with the applied field, as shown in the equation below, in non-tensor form: 
𝑆 = 𝑑𝐸 + 𝑀𝐸2 1. 11 
It should be noted that electrostriction occurs in all dielectric materials. In contrast, piezoelectric materials exhibit 
a linear response to an applied electric field, and is limited to materials with a unique polar axis.  
 Piezoelectricity 
Piezoelectricity is defined as an electrical polarization produced by mechanical strain, the polarization response 
being proportional to the strain and changing sign with it. This phenomenon was first described by the Curie brothers in 
quartz through the observation that by applying mechanical stress to crystals that were formerly known to have a 
pyroelectric response, an electrical charge could be measured across the crystal [20]. They asserted, for the first time, that 
this behavior depends on an asymmetry in the crystal structure. The piezoelectric properties of a material can be described 
by the direct piezoelectric effect, wherein an applied mechanical stress results in a change in polarization 
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𝐷𝑖 = 𝑑𝑖𝑗𝑘𝜎𝑗𝑘 1. 12 
where D is the electric displacement, and σ is the applied mechanical stress. It is a linear and reversible property, as shown 
in the equation below, describing the converse or indirect piezoelectric response: 
𝑆𝑖𝑗 = 𝑑𝑘𝑖𝑗𝐸𝑘 1. 13 
 Ferroelectricity 
 
If the dipole moment of the unit cell, (i.e., spontaneous polarization), of a pyroelectric crystal can switch 
between at least two different orientations, the material is considered ferroelectric. Ferroelectric behavior was first observed 
in Rochelle Salt (sodium potassium tartrate tetrahydrate (NaKC4O6.4H2O)) by J. Valasek in 1920 [22]. This behavior 
contrasts with that of a simple dielectric in that a long-range order of dipoles is formed due to the spontaneous polarization 
throughout the material and enhances the response to an applied external field. This long-range order results in a domain 
structure, which comprises regions with unit cells of equal spontaneous polarization, i.e., dipoles, aligned in a single 
direction. To prevent energetically unfavorable surface charge accumulation, domains of opposite polarization direction 
are aligned next to each other, divided by a domain wall. A single grain can, therefore, have domains of different 
polarization, with clearly observable domain boundaries, termed domain walls. Domain walls have a width of a few unit 
cells, over which the polarization is gradually changed from domain to domain, resulting in an internal strain. The formation 
of domains with antiparallel polarizations is a mechanism of reducing the fringing electric field, as shown in Figure 1.8. 
This results in a mixed orientation consisting of a combination of the polarization directions, shown in the bottom of Figure 
1.8. The angle between the polarization directions of domains depends on the crystal symmetry of the material. For a 
material with a tetragonal crystal structure, domains may be oriented 90° or 180° to each other. In a ferroelectric with 
extant domains, the application of a field first induces expansion of domains oriented parallel to the field, resulting in an 
increased net polarization aligned with the electric field. Beyond a threshold field, termed the coercive field (Ec), domain 
wall motion begins, meaning that domains aligned antiparallel to the field begin to switch polarization direction.  
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Figure 1.8: Depiction of optimized domain configuration mechanisms and influence of poling on 
polycrystalline ceramic domain orientation, modified from [21] 
 
Ferroelectrics can also be distinguished from dielectrics by the hysteresis in the permittivity as a function of 
applied electric field, whereas a non-ferroelectric dielectric will not have such a hysteresis [16]. This phenomenon, first 
observed in Rochelle salts, is shown in Figure 1.9. Polarization can be calculated as a function of applied electric field 
using the equation below: 
𝑃 = 𝜖0𝜒𝐸 1. 14 
where χ is the electric susceptibility of the material, and ε0 is the permittivity of air. The measurable bulk polarization in 
ferroelectrics, as well as the hysteresis in its dielectric response, is associated with domain alignment parallel to the applied 
electric field.  
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Figure 1.9: Dielectric charge as a function of electric field in Rochelle Salt, from [22] 
The reorientation of domains results not only in a change in the bulk polarization of a ferroelectric, but also a 
mechanical strain. The electromechanical response of ferroelectrics is the result of two mechanisms that contribute to the 
electric-field-induced strain: an intrinsic and extrinsic contribution. The intrinsic contribution arises from lattice distortion 
as a result of the migration of the B-site cation, increasing the proximity of A and B-site cations and thereby increasing the 
repulsion between them. The extrinsic contribution is the result of non-180° domain wall motion, as 180° domain wall 
motion does not result in any measurable mechanical deformation.  
The growth and orientation of domains under applied electric field is shown in Figure 1.10. In the unpoled state, 
denoted point (A) in Figure 1.10, a net zero polarization and strain will be observed in the material due to the randomness 
of the domain orientation. Upon application of an electric field, equal to or greater than the coercive field Ec, an eventual 
saturation of polarization is achieved, resulting in a coalescence of domains and strong favorability of the direction of 
domain orientation aligned with the applied field, as shown at point B in Figure 1.10. The strain and polarization response 
achieves a maximum positive value at this position as well. Upon removal of the field, as shown at point C in Figure 1.10, 
the domains are no longer completely uniformly aligned, but some domains remain oriented parallel to the previously 
applied field. This results in a measurable remanence in the strain and polarization. As the field is reduced to negative 
values, domains begin to switch to an orientation antiparallel to that shown in point B of Figure 1.10, but again with a 
strong favorability of domain orientation direction along the negative applied field. This in turn results in a maximum 
negative strain and polarization, as shown with point D of Figure 1.10. Upon increasing the electric field back up to a total 
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zero field, some domains once again retain an orientation parallel to the last negative applied field, and this domain 
configuration is antiparallel to that of C.  
 
Figure 1.10: Schematic of polarization and strain response to applied electric field, with associated 
domain configurations (A): random orientation of unpoled polycrystalline ceramic (B) Domain growth 
along positive applied electric field (C) Remanent strain and polarization due to aligned domains 
remaining after removal of applied field (D) back-switching to random orientation of domains resulting 
in net zero polarization and a negative strain response (E) Domain growth along the negative applied 
electric field (F) Remanent strain and polarization due to remaining domains aligned along negative 
field direction after removal of field 
An important parameter in the analysis of ferroelectric materials for electromechanical applications is the usable 
strain. It is defined as the difference between the remanent strain (at point C) and maximum strain under a positive electric 
field (at point B). This value is further used to define 𝑑33
∗ , the large signal piezoelectric coefficient, which is the ratio of 
the usable strain to the maximum applied electric field.  
 
Ferroelectrics are further characterized by their permittivity response as a function of temperature, which follows 
a so-called Curie-Weiss behavior  
𝜀𝑟 =
𝐶
𝑇 − 𝑇𝑐
 1. 15 
where C is a material-dependent constant, T is the temperature, and Tc is the Curie-Weiss temperature.  
Nonlinearities in permittivity as a function of temperature are often associated with changes in the crystal 
structure, as shown in Figure 1.11. These nonlinearities are associated with phase transitions in the crystal structure upon 
heating, which past the Curie-Weiss temperature results in a cubic, nonferroelectric lattice.  
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Figure 1.11: Temperature-dependent dielectric behavior as it relates to crystallographic phase 
transitions, modified from [16] 
  Relaxors 
Relaxor ferroelectrics have a perovskite structure of ABO3 as is the case with other ferroelectric materials [23]. 
However, the structure is considered complex due to disorder in the arrangement of different cations on crystallographically 
equivalent sites. As a result, complex ferroelectrics display some distortion of the perovskite structure, through a variety 
of mechanisms including octahedral tiliting and formation of lower-symmetry variants such as the tetragonal and 
rhombohedral crystal structure. This also implies that the bond length in a relaxor is random, which has further implications 
for its response to temperature and electric field. At a specific composition, termed the morphotropic phase boundary, or 
MPB, a peak in the dielectric and ferroelectric response can often be observed [24], [25]. The MPB composition also 
corresponds to the composition at which a mixed crystalline phase can be observed [26], [27].  
 In addition to lattice distortion, disorder in the crystal structure gives rise to random fields, due to the random 
positioning of A- or B-site cations. This can result in a highly polarizable cubic matrix in which dipole moments are 
embedded. When coupled, such dipole moments form a region of local polarization, and, due to their length-scale, are 
termed polar nanoregions (PNRs).  
In terms of bulk dielectric behavior, relaxors are characterized by a distinctive permittivity curve which has a 
broad temperature-dependent peak indicating a diffuse phase transition, and high frequency dispersion of the temperature-
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dependent permittivity at temperatures below the phase transition temperature, as opposed to the behavior of ferroelectrics 
that have a sharp drop in polarization [28].  
 
Figure 1.12: Comparison of the dielectric and ferroelectric behavior between classic ferroelectrics and 
relaxors, from left to right, a narrow polarization loop as compared to ferroelectrics, a broad 
temperature-dependent transition of the polarization state in relaxors as compared to a sharp one at Tc 
in ferroelectrics, and temperature-dependent permittivity, modified from [12] 
In the simplest case, there are several equivalent orientations of the dipole in a dielectric [19]. Where there is no 
dipole-dipole interaction, this results in a single relaxation time. With increasing disorder in the lattice, an increase in the 
distribution of the relaxation time can be observed through measurement of dielectric permittivity as a function of 
frequency.  
The correlation length of dipoles is inversely proportional to temperature. Consequently, polar nanoregions can 
be observed at high temperatures, whereas with decreasing temperature, these polar nanoregions coalesce into microscopic 
domains of aligned polarization orientation [29]. Upon further decrease of temperature, the domains permeate the sample 
and a long-range ferroelectric order is established in the sample. The reverse is also true: upon increasing temperature, the 
long-range ferroelectric order can be disrupted. The temperature at which a long-range ferroelectric order is disrupted is 
termed the depoling temperature, or Td. This temperature is generally defined as the temperature at which the piezoelectric 
coefficient is reduced to half of its original value [30]. Instead of a Curie temperature above which no domains can be 
observed, a transition from noncentro-symmetric to cubic phase occurs over a broad temperature range. The temperature 
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at which dipoles reduce their mobility and begin to form PNRs is termed the Burns temperature, TB, [31], [32], as shown 
in Figure 1.13.  
Several models have been used to explain this behavior. The first model was that of a smeared phase transition in 
which a superposition of multiple critical phase transitions with slightly different phase transition temperatures, due to the 
chemical disorder of the perovskite structure [33]. PNRs were first discussed in relaxor materials as an explanation for 
optical birefringence at low temperature by Burns and Scott, in whose name the temperature at which PNR behavior 
becomes significant, was named [32]. The explanation of PNRs for the dependence of optical refractive index on 
temperature was based on the fact that the deviation of the refractive index from a linear behavior is proportional to the 
square of the local spontaneous polarization, averaged over a suitable length and time scale. The higher the deviation from 
linear behavior, the larger the local spontaneous polarization. It is important to note that the transition described here is not 
a structural one in terms of crystallography, but rather a change in the order of the sample from long-range to short-range. 
A glassy transition model based on dipolar glass proposes a freezing temperature at which PNRs become less mobile [31]. 
Finally, the random field model proposes a real temperature-induced phase transition from the paraelectric to the 
ferroelectric phase and introduces a long-range order between PNRs [34]. Depending on the properties being measured, 
(electrical, mechanical, or optical), the temperature at which the dissolution of PNRs, TB, can be observed varies 
significantly. Therefore, TB is not considered a phase transition temperature. 
Many relaxors undergo a phase change to long-range ferroelectric order upon application of an electric field. The 
mechanism by which this occurs is still under investigation, but it is established that PNRs align and grow parallel to the 
direction of an applied electric field. Under a sufficiently high field, the PNRs coalesce into aligned domains [35]. 
 
Relaxors can be classified into two categories based on statistical physics, which divides systems into ergodic 
(ER) and non-ergodic (NR) behaviors. An ergodic system is one in which the temporal and spatial average is equal to zero, 
and consequently a nonergodic system can be described as one in which the temporal and spatial average is nonzero. ER 
systems in solid-state physics were first described in magnetic spin glasses, where a strong correlation between chemical 
disorder and ergodicity was observed [36]. The ergodicity of the strain and polarization response to an applied electric field 
is apparent in the absence of a remanent strain and polarization upon removal of the field. Increasing complexity of the 
perovskite through multiple occupancies of A-site and B-site cations has been shown to increase the chemical disorder of 
the system, and result in an ergodic strain and polarization response to an applied electric field. Those ergodic relaxors 
used in this study are described in greater detail in the literature review. 
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The ER and NR state of a relaxor are strongly temperature-dependent, and the same material may be in a NR state 
at low temperatures and an ER state at higher temperatures. This is shown schematically in Figure 1.13. Above TB, the 
permittivity follows a Curie-Weiss behavior. Below TB, a transformation to an ergodic relaxor phase takes place, whose 
primary mechanism is the development of randomly orientated and freely rotating PNRs. An ergodic relaxor phase is 
characterized by a reversal to the initial state of lowest free energy after removal an external field. Cooling further below 
TB results in an increase in the size and number of PNRs, which also begin to slow down. Canonical relaxors, shown in 
Figure 1.13 (a), are characterized by a freezing temperature Tf  at which the PNRs become frozen into an irreversible or 
nonergodic state. The dielectric behavior between the temperature of maximum permittivity (Tm) and Tf is characterized 
by a high degree of frequency dispersion in the temperature dependence dielectric constant. The dielectric peak is typically 
of the same order of magnitude as the Curie point in ordinary ferroelectrics but differs from them in that it is highly diffuse 
and its temperature is strongly frequency dependent.  
A schematic of the formation of PNRs as a function of temperature in NR and ER relaxors is shown in Figure 
1.14, based on impedance spectroscopy data [38] and in-situ transmission electron microscopy (TEM) [39] of NR and ER 
relaxors. In an NR relaxor, PNRs undergo a NR to ER transition at Tf. From Tf to Tm, low temperature PNRs dominate the 
material. The main contribution to the permittivity arises from relaxation of LT-PNRs. Above Tm, the PNRs transform to 
high temperature PNRs with a tetragonal symmetry. Further increasing the temperature results in only PNRs of tetragonal 
symmetry. In an ER relaxor, on the other hand, the Tf shifts to much lower temperatures, resulting in a broader temperature 
range in which the ER phase is present. The phase transition from LT-PNRs to HT-PNRs contributes less to the permittivity 
in ER relaxors because the overall density of PNRs is reduced. PNRs are destabilized and the transition from an ER phase 
to the paraelectric phase, (i.e., TB), occurs at a lower temperature than in the NR relaxor. 
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Figure 1.13: Temperature evolution of dielectric and structural properties in relaxor materials (a) 
canonical relaxor (b) diffuse relaor to ferroelectric phase transition at TC<Tm (c) crystal with sharp 
relaxor-to-ferroelectric transition at TC<Tma (d) crystal with sharp relaxor-to-ferroelectric transition at 
TC=Tm . The temperature dependence of the dielectric constant at different frequencies is shown, and the 
temperature intervals governed by the Curie-Weiss law. PE indicates a paraelectric phase, NR indicates a 
nonergodic relaxor, ER is an ergodic relaxor and FE is a ferroelectric phase, modified from [37] 
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Figure 1.14: Schematic of thermal evolution of PNRs in ergodic and nonergodic relaxors and their 
contributions to the dielectric constant, modified from [38] 
 Ferroelasticity 
A material is ferroelastic if it has two or more stable and energetically equivalent orientation states that can be 
switched back and forth through the application of a mechanical stress [40], [41]. Ferroelasticity was first recognized by 
Aizu, who described it as analogous to ferroelectricity due to the hysteresis of its response to mechanical stress, where 
mechanical stress and strain in a ferroelastic correspond to electric field and polarization in a ferroelectric [42]. In the 
ferroelastic case, the spontaneous polarization that is reoriented results in a measurable change in mechanical strain, 
whereas in the ferroelectric case, as discussed above, the reorientation of the spontaneous polarization with applied electric 
field results in a measurable polarization as well as a strain. Ferroelasticity is often coupled with other phenomenon, such 
as ferroelectricity [43]. This interrelationship is important to bear in mind when considering the interaction of ferroelectric 
materials with residual stresses, such as composites [44]. 
 One of the first full hysteresis loops in terms of a stress-strain curve demonstrating ferroelasticity was in Pb3(PO4)2 
[45]. This was attributed to the displacement of Pb in response to mechanical stress, as shown in Figure 1.15. This 
experiment was able to show a full hysteresis loop can be observed because both tensile and compressive stresses could be 
successfully applied on the material. Most ceramics, however, can only be measured under a compressive stress, and 
therefore result in measurements resembling those shown in Figure 1.16. 
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Figure 1.15: Mechanical hysteresis in Pb3(PO4)2 with applied uniaxial stress, one of the first recorded 
measurements of ferroelastic behavior [41] 
Mechanical stress can also induce domain alignment, as shown in Figure 1.16. The initial strain state is 0, which 
corresponds to a random orientation of domains. As the stress is increased on the sample, from Figure 1.16 A to B, the 
domains begin to reorient and those domains aligned perpendicular to the direction of stress grow preferentially. At the 
maximum stress, point B in Figure 1.16, the domains are aligned in one direction, which often corresponds to a maximum 
strain. In poled samples, i.e., those in which a domain formation has been induced, a measurable change in polarization 
can also be observed during application of mechanical stress, indicative of domain switching. The stress-strain relationship 
is nonlinear and hysteretic, and therefore not a purely elastic deformation. From B to C in Figure 1.16, the stress is reduced 
and results in some domain reorientation. However, some domains remain oriented parallel to the applied stress, 
accompanied by an observable remanence in the strain after removal of the field. 
There are several characteristic parameters of the ferroelastic response: maximum strain, hysteresis, remanent 
strain and back-switching. The parameters of maximum strain and remanent strain are found at points B and C of Figure 
1.16 respectively. Hysteresis is defined as the area enclosed by the stress-strain curve, and is representative of a nonlinear 
stress-induced state change. This state change in relaxors is interpreted to be the growth and alignment of PNRs along the 
direction of the applied field, up to a coercive stress where domains are formed [47]. Back-switching provides an indication 
of internal stresses that counter the applied mechanical compressive stress, and is calculated by the formula below: 
% 𝑜𝑓 𝐵𝑎𝑐𝑘 − 𝑠𝑤𝑖𝑡𝑐ℎ𝑖𝑛𝑔 = (1 −
𝜀𝑟𝑒𝑚
𝜀𝑖𝑑𝑒𝑎𝑙⁄ ) × 100% (1. 16)
The ideal remanent strain is determined by projecting a tangent line from the top of the curve to the x-axis. The x-axis 
intercept of this tangent line is considered the ideal remanent strain under the condition of no back-switching. The 
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difference between the ideal and actual remanent strain is generally attributed to domain orientation reversal due to 
electrical and mechanical fields that overcome the applied compressive stress, thereby “back-switching” some domains to 
their original configuration during unloading [46].  
 
Figure 1.16: Domain orientation under applied stress, depicting the ferroelastic behavior of PZT, 
modified from [46]. 
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2. Literature Review 
Having addressed the fundamental physics governing the phenomenology of ferroelectrics and piezoelectrics that 
arise as a result of ferroelectricity, it is now important to understand the path by which novel materials have developed. 
This chapter will provide an overview of the lead-based materials used currently used for piezoelectric applications in 
engineering, followed by an in-depth examination of Bi0.5N0.5TiO4 (BNT)-based piezoceramics that have been proposed as 
lead-free alternatives. 
 Lead-Based Ferroelectrics 
Lead zirconate titanate (Pb(Zr,Ti)O3, PZT) is the predominant material used for the majority of piezoelectric 
applications. PZT has a perovskite crystal structure with Ti on the B-site and Pb and Zr on the A-sites. It was first reported 
as a solid-state solution in 1952, and as a useful piezotransducer in 1954 [48]. It supplanted BaTiO3 (BT) as a ferroelectric 
because of its piezoelectric coefficient of 600 pC/N [49] (a significantly higher value than BT’s 190 pC/N) [50], higher 
Curie temperature of 350 °C as compared to 130 °C in BT, (enabling greater thermal stability), and ease of synthesis due 
to lower sintering temperatures and flexibility of the formation of solid-state solutions with other compounds [49].  
The properties of PZT were shown to be highly tunable through the addition of isovalent and aliovalent dopants. 
Aliovalent dopants can be further divided into donors and acceptors. Dopants are termed donors when they result in 
vacancies in the A or B site, due to the excess positive charge that is balanced by the vacancy formation. In order to balance 
the excess positive charge, a decrease in oxygen vacancy concentration also occurs in donor dopants. Acceptor dopants, 
which are more negatively charged than the original element, result in the formation of oxygen vacancies to maintain 
charge neutrality. An example of a donor dopant is the addition of lanthanum to PZT, resulting in a relaxor with a cubic 
structure at room temperature, undergoing a field-induced ferroelectric state upon application of an external electric field. 
PLZT has a reduced coercive field, increased dielectric constant, and mechanical compliance, as well as the interesting 
optical property of transparency [51]. This phenomenon is not common to ceramics, and was discovered in the late 1960s. 
Relative to BaTiO3, it has a much higher piezoelectric coupling factor kp of 0.72 as compared to 0.35 [52].  
Pb(Mg1/3Nb2/3)O3 (PMN) was the first relaxor discovered in the 1960s in its single crystal form, and developed as a 
polycrystalline ceramic in the 1980s [33]. Its relaxor nature was attributed to the fact that the Mn and Nb cations both 
occupy the B-site in a disordered manner, resulting in frequency dispersion due to varying sizes of dipoles formed in the 
presence of random electric fields. It is often used as a solid-state solution with lead titanate (PT, PbTiO3) in order to 
increase the thermal stability of the relaxor phase [37] . PMN can be transformed into a ferroelectric through the application 
of an electric field, as well as by the addition of PT. Giant ferroelectric and dielectric responses have been observed at the 
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morphotropic phase boundary between the rhombohedral and tetragonal phases of PMN-PT, which occurs at 45% PT [53]. 
In addition, there is a critical electric field at which the properties of PMN-PT are enhanced and the energy required to 
undergo the phase transition is reduced, as evidenced by the reduction of latent heat during relaxation. PMN’s dielectric 
behavior is considered analogous to that of a spin-glass with polarization fluctuations, attributed to polarization rotations 
between [111] variants of the rhombohedral crystal structure [54]. These fluctuations require a certain activation energy 
and influence the dipole-dipole interactions that lead to the formation of PNRs. The frequency dependence of the 
temperature at which maximum permittivity is observed is explained by the fact that higher frequencies are not able to 
switch the larger clusters, which means that the activation energy is higher and this energy barrier is overcome through 
higher kinetic energy available at higher temperatures.  
 Lead-Free Ferroelectrics 
Lead-free ferroelectric materials were developed in response to legislation limiting the use of lead in electronic 
applications in primarily the European Union and Asia [55]. Several alternatives have been investigated, including solid-
state solutions of Bi0.5Na0.5TiO3 (BNT), BaTiO3 (BT), and KxNa1-xNbO3 (KNN), [49], [56]–[58]. This section will detail 
the development of these materials and their unique properties as singular materials and as solid-state solutions with each 
other. A summary of the large signal electromechanical response of the three materials listed above is shown in Figure 2.1. 
 
Figure 2.1: Electric-field-induced strains of (a) BT, (b) KNN, and (c) BNT with the associated volume 
change, measured during bipolar poling cycle at 50 mHz. Black represents the longitudinal strain, red 
represents the transverse strain and blue represents the total volume change determined from the 
transverse and longitudinal strains. Note that the maximum electric field applied for BNT is larger at 8 
kV/mm than that of BT or KNN [59]. 
One of the first examples of tailoring of chemical composition for the enhancement of electrical behavior in 
functional ceramics is the development of BT as a dielectric capacitor. This was achieved simultaneously in the Soviet 
Union by Goldman and Wul, in Japan by Ogawa and Waku and in the United States by Wainer and Thielke [60]. It was 
   
27 
 
observed that with the addition of barium, the crystal structure of titanate is modified to a perovskite. Rzhanov et al. state 
that the dielectric permittivity of modified titanates is increased in comparison to pure titanate due to the compositionally 
driven crystallographic phase transition from a centro-symmetric crystal structures to a perovskite crystal [61]. The 
dielectric permittivity was also shown to increase with an increased ionic radius of the rare-earth metal inclusions. 
However, the permittivity of BT is an order of magnitude larger than other titanates, such as calcium titanate and strontium 
titanate, which also have perovskite structures. Wul proposed that this sharp increase was because BT was the only 
perovskite in which the distance between the Ti and oxygen was greater than the sum of their radii. BT also displayed a 
characteristic temperature dependence of its permittivity and a significant hysteresis in its dielectric behavior, leading to 
its implementation as a ferroelectric. Rzhanov observed that the presence of impurities in the starting powders resulted in 
a perovskite structure, and the synthesis of BT from chemically pure starting components rendered the final material non-
ferroelectric [61]. XRD results indicated that the undoped BT was rhombohedral in crystal structure, while carefully 
controlled doping with 2 mol % aluminum or 5 mol % strontium resulted in a tetragonal crystal structure. The latter two 
compositions also showed a significantly higher dielectric constant, as compared to the undoped BT. The conclusion of 
this work was that BT when produced from technical raw powder, without absolute purity, includes naturally occurring 
dopants and is therefore always perovskite and ferroelectric. This was also the first hint of a complex perovskite structure, 
in which the lattice sites were not homogeneously occupied by the same element, as the low amounts of dopants (or 
impurities) made a homogeneous distribution thereof unlikely. 
The dielectric and ferroelectric properties of BT are strongly temperature-dependent. To better understand the 
underlying physical mechanism, Megaw proved the existence of a first order phase transition with temperature, by 
performing temperature-dependent X-ray diffraction. These transitions had previously been predicted by the Landau-
Devonshire-Ginzburg thermodynamic model of ferroelectric phenomena. Megaw proposed that the high dielectric 
permittivity observed at the Curie temperature of 110 °C was due to the coexistence of low symmetry crystallographic 
phases, resulting in strain due to lattice mismatch, which enhanced the dipole formation of BT crystals [62]. 
Further work on titanates led to the discovery of BNT by Smolenskii et al. in 1960 [33]. BNT was initially 
proposed to have a rhombohedral crystal structure. However, significant asymmetry has been observed in its crystal 
structure pointing to an asymmetry in bond length between Bi-O and Na-O, indicating that Bi3+ is heavily under-bonded in 
the average rhombohedral structure. This suggests a monoclinic crystal structure [63]. Transmission electron microscopy 
(TEM) investigations of BNT by Dorcet and Trolliard revealed two types of ferroelectric domains characterized by 
interface boundaries due to differences in tilt angle [64]. This investigation also revealed tetragonal platelets embedded 
within an R3c structure, which impede the relaxation process. The tetragonal platelets, due to their nanometer dimensions, 
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may be connected to the formation of polar nanoregions in relaxors. This structure is in contrast to that of PMN, in which 
no such octahedral tilting has been observed. Further investigations of the temperature-dependent behavior of BNT by in-
situ TEM revealed that with increasing temperature the antiphase octahedral tilting of the rhombohedral phase reduced, 
eventually giving rise to the in-phase octahedral tilt position typical of a tetragonal phase. 
A solid solution of BNT and BT, known as BNT-BT, was first developed by Takenaka et al., and demonstrated 
superior piezoelectric properties ascribed to a rhombohedral to tetragonal phase transition when the composition is between 
6 and 7 mol% BT [65]. BNT is rhombohedral at room temperature, whereas a solid solution with BT results in the presence 
of a tetragonal phase. A key feature in its electromechanical response is its high remanent polarization of approximately 
30 µC/cm2 and remanent strain of 0.15% (depending on frequency), upon removal of an applied field higher than the 
coercive field. This remanence has been observed both under mechanical stress and electrical fields and has been attributed 
to an irreversible field-induced phase transition from pseudocubic to tetragonal symmetry. Pure BNT also has a very high 
coercive field of 7.3 kV/mm, and the addition of BT has been shown to reduce it [65], [66]. In the compositional range 
between approximately 5 and 8 mol% BT, a morphotropic phase boundary has been observed with transmission electron 
microscopy by Ma et al. [67]. At these compositions, certain piezoelectric and ferroelectric properties were optimized, 
such as a lower coercive field and higher piezoelectric coefficient 𝑑33. In this region, unpoled NBT-BT appears 
pseudocubic in XRD studies by Daniels et al. [68] with a lack of domain structure when observed through TEM by Ma et 
al. [69]. Above 8 mol% BT content there is an increase in peak splitting at the (200) reflection, indicative of an increased 
tetragonal phase with increasing BT content, [70], [71] which has been confirmed by Xu et al. [72]. This also corresponds 
to the formation of a visible domain structures. A temperature and composition phase diagram summarizing these structure-
property relationships in BNT-BT is shown in Figure 2.2. 
The structure of BNT-BT depends not only on composition but also temperature. The rhombohedral/tetragonal 
morphotropic phase boundary occurs at a lower BT content with elevated temperature, and above 110 °C begins to show 
“antiferroelectric” behavior. A maximum in its piezoelectric properties such as 𝑑33 and 𝑑33
∗  can also be observed at this 
composition and temperature range.  
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Figure 2.2: Phase diagram of BNT-BT as a function of composition and temperature, from [65]. 
Evidence of BNT-BT compositions near the MPB undergoing an electric field-induced transition from a pseudo 
cubic to a tetragonal symmetry has been obtained using in-situ X-ray diffraction. Unlike the electric field-induced 
electromechanical response in PZT materials, which has been attributed to ferroelectric domain switching processes [73], 
[74], the lead-free BNT-BT system exhibits a relaxor-to-ferroelectric (RE-FE) transition through the application of 
electrical [75] and mechanical fields [76]. These transitions can result in large remanent strain and polarization values, 
which have been attributed to the coalescence of the local polar nanoregions into a long-range ferroelectric order [77]. 
Daniels et al. showed with electric field-dependent synchrotron that the electric-field-induced phase transition in 
polycrystalline NBT-7BT is caused by a distortion of the pseudocubic structure, followed by a pseudocubic→tetragonal 
transition [78]. Similarly, Ma et al. showed using in-situ TEM that there is a partial, but irreversible, transformation of 
P4bm relaxor nanodomains to P4mm ferroelectric lamellar domains as the electric field is loaded from 0 → 2.5 kV/mm in 
unpoled NBT-7BT [79]. Upon further increase of the electric field, the RE phase completely vanishes and a new P4mm → 
R3c (FE-FE) transition can be observed. Analogously, Schader et al. observed a similar RE-FE transition upon the 
application of a compressive stress; in-situ stress-dependent synchrotron measurements revealed a pseudocubic to mixed 
rhombohedral-tetragonal structure transition [76]. Groszewicz et al. observed, through NMR investigations, that there is a 
coexistence of a cubic and polar phase in unpoled MPB NBT-BT, supporting the description of polar nanoregions 
embedded in a cubic nonpolar matrix [80]. Upon application of an electric field, the cubic matrix becomes polarized and 
adopts the local structure of nearby PNRs, resulting in a ferroelectric response to electric field. 
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BNT has also been adjusted chemically through the substitution of potassium as an A-site cation, Bi0.5(Na1-
xKx)0.5TiO3 (BNKT). This composition can be considered a binary solid-state solution of BNT and BKT, and was first 
discovered by Elkechai et al. in 1996 [81]. It was observed that an optimum in ferroelectric properties occurred at 0.78BNT-
0.22BKT. At room temperature, as discussed above, BNT is rhombohedral, whereas BKT is tetragonal [82], with larger 
lattice parameters. Predictably, BNKT can be divided into two phases, a rhombohedral phase on the sodium-rich side and 
a tetragonal phase on the potassium-rich side. Because K has a slightly larger ionic radius (1.64 Å in K as compared to 
1.39 Å in Na) [83], the lattice parameters increase with increasing BKT content. This increase leads to the formation of a 
tetragonal crystal structure [84]. Two compositions below the MPB were found to have rhombohedral structure, while the 
MPB composition of BNKT22 showed a tetragonal crystal structure. Although all three compositions showed a similar 
macroscopic strain response, there were significant differences in the microscopic origin of the strain. Under applied 
electric field the rhombohedral compositions undergo a lattice strain and domain switching without a phase transformation, 
whereas the MPB composition shows, in addition to intrinsic lattice strain and domain switching, an electric-field-induced 
phase transition from tetragonal to mixed-phase rhombohedral and tetragonal symmetries. More recent work by Khansur 
et al. has also shown the electric field dependence of crystal structure in this material system [85]. 
 
Figure 2.3: Phase diagram of BNKT as a function of composition and temperature [81]. 
The three compositions studied by Khansur et al. [85] fall under the biphasic range of the phase diagram 
developed by Elkechai et al. [81], shown in Figure 2.3. It appears that they undergo an electric field dependant transition 
from tetragonal to rhombohedral. TEM investigations of BNKT under applied electric field have also revealed 
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mechanisms of the evolution of electromehanical response in this system [86]. Quadrant-like domains with submicron 
length polar lamellar subdomains as substructures were revealed by TEM in this system. However, no subdomain 
heirarchical structures have been observed in pure BNT, indicating that this structure depends on the effect of BKT on 
the crystal structure and domain formation. These structures have been labelled polar nanotwins, and consist of small 
polar lamellar sub-domains stacked along the (001) plane, with a rhombohedral (R3c) phase. These subdomains self-
assemble into a quandrant oriented along the (110) plane corresponding to the tetragonal P4bm phase. As shown in Figure 
2.4, selected area electron diffraction (SAED) reveals a dominance of the R3c phase by the high intensity of the integral 
(oee) and (oeo) peaks, however the superlattice reflections of the R3c phase are also detectable (highlighted with yellow 
circles). The fine lamellar polar domains consist of many nanometer scale oxygen tilt nonpolar domains in which the 
P4bm and R3c phases coexist. Increasing BKT content resulted in an increase in the size of the subdomains, corresponding 
to an evolution of the polar nanoregions from an average R3c phase to a P4bm phase. Further investigations of BNKT as 
a function of potassium concentration were performed by Levin et al. in which a clear MPB was observed at 0.2BKT 
content [26]. 
 
Figure 2.4: TEM and SAED of relaxor ferroelectrics and the relevant structural information derived 
thereof, in BNT [87], BNKT [88], BT [89], and BNT-BT [69] 
Another family of lead-free ferroelectrics that has shown significant promise in replacing PZT is based on 
potassium sodium niobate (KxNa1-x)NbO3, (KNN). KNN was first discovered by Egerton and Dillon in 1959 [90] for use 
in ultrasonic delay lines. This system is orthorhombic at room temperature, and undergoes an orthorhombic to tetragonal 
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phase transition above 200 °C [91], [92]. Above 400 °C, KNN becomes cubic and displays paraelectric behavior [91], [93]. 
On cooling from room temperature, KNN undergoes an orthorhombic to rhombohedral phase transition [94]. Dopants and 
modifications to synthesis routes have resulted in significant enhancement of its ferroelectric and electromechanical 
properties [95]. For instance, template growth of KNN doped with Li and Sb has resulted in a large and small signal 
piezoelectric constant, as well as temperature stability, comparable to that of PZT [96]. 
 
BNT-BT and KNN were combined into a ternary solid-state solution by Zhang et al. to form BNT-BT-KNN [97]. 
The objective was to substitute a small portion of the rhombohedral BNT with orthorhombic KNN, thereby inducing a 
chemical disorder that would increase the ergodicity of the system. In so doing, remanent strain and polarization would be 
reduced, thereby increasing the usable strain. In addition to being useful as an actuator material, it was found that the 
addition of KNN to BNT-BT resulted in a temperature stable permittivity up to 300 °C, rendering it suitable for use as a 
high-temperature dielectric [98]. It was also observed that varying the BT content in BNT-BT-KNN changed both the 
microstructure and the electromechanical response. By way of example, a comparison of BNT-5BT-2KNN and BNT-7BT-
2KNN shows that the higher BT content results in a 𝑑33
∗  value of 469 pm/V versus 269 pm/V [99]. To better investigate 
the effect of KNN content on the structure and field-induced phase transitions, Daniels et al. used a stoichiometrically 
graded sample that contained compositions across the ternary phase diagram of BNT-BT and BNT-BT-KNN [78]. These 
investigations revealed that the addition of KNN results in a reduced lattice parameter, easily attributed to the smaller ionic 
radius of K+ and Na+ relative to Ba2+, all of which occupy the A-site in the perovskite unit cell. Furthermore, with increasing 
KNN content, the electric-field-induced pseudocubic to tetragonal phase transition occurs at higher electric fields. TEM 
investigations of BNT-BT-KNN by Kleebe and Schmidt showed a core-shell structure in the grains, with a primarily 
tetragonal phase in the core and a mixed rhombohedral and tetragonal phase in the shell, as shown in Figure 2.6 [100]. 
Upon application of an electric field, lamellar domain formation is observed [101]. The rhombohedral domains were 
hypothesized to act as nucleation sites for electric-field-induced phase transformations to the ferroelectric state. PFM 
investigations revealed that increasing KNN content in BNT-BT disrupted electric field-induced long-range order, as 
shown in Figure 2.5. 
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Figure 2.5: PFM investigations of field-induced polarization response in BNT-BT and BNT-BT-KNN [96] 
 
A binary solid-state solution of BNT and strontium titanate (SrTiO3, ST) was first synthesized in 1974 by Sakata 
and Masuda [102], who investigated the addition of ST to BNT as a means of reducing the phase transition temperature. A 
morphotropic phase boundary between a rhombohedral ferroelectric and a pseudocubic or tetragonal phase with 
paraelectric behavior was observed in the range of 26-28 at. % ST [103]. This system has also shown ergodicity in its 
electromechanical response. In the MPB composition of 25 at. % ST, it undergoes a relaxor-to-ferroelectric phase transition 
at 3 kV/mm [104]. BNT-ST also exhibits a core-shell structure, both chemically and structurally (see Figure 2.6). The core 
is comprised of a strontium-depleted tetragonal phase, whereas the shell is a strontium rich rhombohedral phase [105]. This 
chemical and structural disorder is believed to contribute to its ergodicity, as in-situ TEM investigations have revealed that 
in the virgin unpoled state, domain contrast can be observed in the core, whereas the shell has a homogeneous contrast 
[105]. Upon application of an electrical field, the domain walls within the core reoriented, but no core growth was observed. 
Instead, the contrast in the shell became heterogeneous, but no clear domain patterns could be observed. In the SAED 
pattern, the intensity of the ½ ooe superstructure reflections reduced upon application of the field, in both the core and the 
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shell, rendering a structural comparison between the two components challenging. The 𝑑33
∗  increases with increasing ST 
content up to 28 at. % [103], [106]. 
 
Figure 2.6: BNT-ST and BNT-BT-KNN core-shell structure, from [105] and [100] respectively 
 
A binary solution of BiAlO3 (BA) and BNKT has also been demonstrated to be an ergodic relaxor. The additional 
BA phase was first produced in a ferroelectric form by Zylberberg et al. [107]. A solid solution with the composition (1-
x)Bi0.5(Na0.75K0.25)TiO3–xBiAlO3 was first reported by Ullah et al. [108]. Narrow polarization hysteresis loops indicated 
that the addition of BA significantly disrupts the ferroelectric order of the BNKT ceramics, resulting in an enhancement of 
the unipolar strain and a reduction of the remanent strain. For x=0.025, a composition close to the tetragonal-pseudocubic 
phase boundary, a large electric-field-induced strain of 0.29% and a large signal piezoelectric coefficient 𝑑33
∗  of 484 pm/V 
were observed, suggesting that the (1-x)Bi0.5(Na0.75K0.25)TiO3–xBiAlO3 is a promising candidate for lead-free actuator 
systems. The electromechanical properties of this binary solid solution are shown to be highly dependent on composition: 
increasing the potassium concentration also disrupted the ferroelectric order, resulting in increased ergodicity [109]. The 
same work showed that changes to composition also affected the grain size and crystal symmetry, with increasing K content 
resulting in higher amounts of high symmetry tetragonal phase and a reduced, more rectangular grain morphology. The 
structure and electromechanical properties of BNKT-BA are also profoundly affected by the BA content: increasing BA 
content showed a shift of the XRD pattern to lower angles, indicating a higher unit cell volume, as well as a slight increase 
in grain size and a higher proportion of sharp rectangular edges of grains [110]. Diffuse phase transitions at  Td and Tm 
became more pronounced with increasing BA content as well. The ferroelectric properties also varied significantly as a 
function of BA content, with the remanent polarization initially increasing when up to 2 mol %  of BA was added to BNKT-
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BA, above which the remanent polarization fell to nearly zero. Further work showed that a high (>5 mol %) BA content 
results in an ergodicity in the strain hysteresis loops as well [108].  
 Ferroelectric Composites 
Although existing BNT-based materials have shown promising electromechanical behavior, they typically require 
large electrical fields, up to 8kV/mm, and display significant hysteresis during actuation, which can lead to self-heating 
and possible component failure [97], [111]. In addition, due to the nature of the large strain response, the electromechanical 
properties are temperature-dependent, showing a maximum in the vicinity of the ferroelectric-relaxor transition temperature 
(TF-R). Therefore, a number of recent studies have addressed these points; in particular ceramic-ceramic composite 
structures have been implemented to decrease the required external poling field [1], [7], [112]. 
A brief introduction to composite theory is necessary prior to discussion of ceramic/ceramic composites studied 
here. Composites have a variety of structures, whose nomenclature was established by Newnham in 1986 [113]. The 
nomenclature for different composite structures is based on the dimensions of self-connectedness between the components 
of each phase. Each phase in a composite can be self-connected in zero, one, two or three dimensions. In a diphasic, (two 
phase) composite, there are ten connectivity patterns used to describe the tensor properties of diphasic composites: 0-0, 1-
0, 2-0, 3-0, 1-1, 2-1, 3-1, 2-2, 2-3, and 3-3. A figure depicting these connectivity patterns according to Newnham is shown 
in Figure 2.7. Processing considerations determine which composite structures are used with greater regularity. 0-3 
composites are produced easily by tumble mixing, whereas 2-2 composites can be easily produced by laminating films 
manufactured with tape casting. These are produced either with alternating layers of metallic electrodes and ceramics or 
alternating layers of ceramics of different compositions, known as multi-composition multilayer systems [114]. A good 
example of this structure is the multilayer ceramic capacitor, for which the method of tape casting was developed [115]. 
Howatt et al. were the first to produce multilayer ceramic capacitors through tape casting [116], using this method to 
produce a multilayer TiO2 ceramic capacitor. 
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Figure 2.7: Composite structures and nomenclature from [117] 
Composite formation results in a change of properties, which are either a sum property or a product property. A 
sum property is based on the rule of mixtures, for example, where the combination of materials with different Young’s 
moduli result in a final material system with a Young’s modulus that is the average of its components. The rule of mixtures 
approximation is the simplest method of predicting composite behavior. It is described mathematically in the equation 
below, X being the value of the property being determined, e.g., permittivity, maximum strain or polarization, or 
remanence: 
𝑋𝑡 =  𝑉𝑓
𝑠  ×  𝑋𝑠 + 𝑉𝑓
𝑀  ×  𝑋𝑀 (2.1) 
where the total composite property value is determined by the products of the volume fraction of each component 
(Vf
Component
 ) and that component’s property value (X). A product property is more complex, and has been defined as a 
result of force interaction between phases of a system, such as a magnetostrictive strain in one component resulting in an 
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internal electric field in a piezoelectric component. It utilizes different properties in the two phases of a composite to 
produce a third property through the interaction of two phases. In some cases, a product property is found in a composite 
that is entirely absent in composite constituents. This was observed, for instance, in composites of piezoelectric PZT and 
magnestrotictive Ni-ferrite, resulting in a magnetoelectric material [118].  
Effective medium approximations can be used to predict the properties of composites based on the proportion of 
the constituents and their properties and provide insight into the product properties of composites. The Bruggeman model 
is one such approximation, used for describing inclusions within a matrix, and can account for inclusions of varying shapes, 
from spherical to elliptical [119]. The Maxwell-Gartner approximation is used for composites in which the inclusions are 
physically separated at a minimum distance from each other and is, therefore, more appropriate for composites with a low 
volume fraction of inclusions [120] [121].  
A simple rule of mixtures approximation was used to formulate the predicted value in this work because the 
assumptions of the effective medium approximations are violated in the 2-2 composite, which, as stated above, is based on 
inclusions having a 0-3 connectivity. This approximation assumes no interaction between the ferroelectric seed inclusions, 
contrary to the Bruggeman and Maxwell-Gartner approximations. 
Recent advances in thin film fabrication have opened new avenues for producing piezoelectric and ferroelectric 
materials. Thin film deposition techniques such as physical vapor deposition, pulsed laser deposition, chemical vapor 
deposition, and molecular beam epitaxy have enabled the fabrication of films approaching the nanoscale. This has opened 
new sets of questions about the influence of internal stresses on ferroelectric and piezoelectric phenomena, particularly at 
the nano and microscale. Although this is not the primary focus of this work, a brief outline of recent advances in the field 
of ferroelectric thin film composites is warranted, as it provides insight into the phenomena affecting 2-2 ceramic/ceramic 
composites.  
Nath et al. produced multilayer thin films of BaSrTiO3 with three distinct compositional layers by metal organic 
solution deposition, including three post-deposition annealing steps at 750 °C [122]. The average piezoresponse of the 
multilayer sample exceeded a homogeneous sample by up to 50%. Such an improvement was predicted by Ban et al. in 
this system and was attributed to the presence of internal stresses from variation of the lattice parameter within the 
compositionally graded sample [123]. The distribution of polarization across the multilayer was modeled using the equation 
below: 
𝐴
𝑑2𝑃
𝑑𝑧2
=  ?̅?𝑃 + ?̅?𝑃3 + 𝛾𝑃5 (2. 1) 
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where A, ?̅? and ?̅? are position and composition dependent expansion coefficients. In the case where a thermal or mechanical 
gradient is applied across a compositionally homogeneous sample, a similar model is used wherein the expansion 
coefficients are determined in a slightly different manner. The three different methods of obtaining the polarization gradient 
and their influence on the net polarization as a function of position are shown in Figure 2.8. 
 In addition, thin films of single compositions have shown significant changes in dielectric and 
ferroelectric behavior. For instance, ST was shown to be a ferroelectric at room temperature when deposited as a thin film, 
despite the fact that as a ceramic it is cubic and predominantly isotropic [125], [126]. Thin films of BT showed an increase 
of the Curie temperature by 500 °C relative to BT single crystals, which was attributed in large part to the biaxial stresses 
generated during thin film fabrication [127].  
 
 
Figure 2.8: BaSrTiO3 multilayer thin films and the enhanced piezoresponse thereof demonstrated 
experimentally in [124], accompanied by computational models of thermally graded (TG), 
compositionally graded (CG) and strain-graded (SG) thin films, in which the graded polarization 
response is highest for CG thin films, modified from [123] 
Thin films have many interesting features, however there are disadvantages to their industrial application, 
specifically in the complexity and expense of the fabrication methods listed above. Therefore, ceramic ferroelectrics are 
currently the primary commercial material used in most piezoelectric applications. As was mentioned in the introduction 
to this work, ceramic fabrication has prehistoric origins and the techniques for producing high quality electroceramics are 
well established.  
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Lead-based composite systems have a long history in the field of piezoelectrics. The co-fired multilayer stack 
actuator is a key element of commercial piezoelectric actuators. It consists of thin piezoelectric disks between 0.1 and 0.5 
mm in thickness bonded together and sandwiched between electrodes [128]. PMN in particular became a broadly used 
piezoelectric component of stack actuators instead of PZT because of its higher strains and lower hysteresis [129]. Most 
stack actuators were produced through tape-casting, with an internal Pt barrier electrode to prevent interactions during 
sintering, as shown in Figure 2.9.  
 
Figure 2.9: Flow chart for stack actuator fabrication from lead-based materials, taken from [129] 
Shrout et al. produced a 2-2 composite comprised of different compositions of PMN-PT to increase the thermal 
stability of the elastic properties, enabling a broader temperature range for resonator applications [130]. The dielectric 
permittivity of the composite was significantly lower than the pure PMN and 0.8PMN-0.2PT, which results in a lower 
maximum permittivity and an increased thermal stability. From 0 to 80 °C, the composites showed a stable mechanical 
quality factor and resonant frequency, as compared to the pure constituent, PMN. However, PMN-PT showed had a slightly 
larger temperature stability region up to 100 °C.  
The focus of this work is ceramic/ceramic composites, inspired by investigations of lead-free BNT-based 
ferroelectric mixed ceramic-ceramic composites with 0-3 connectivity [113]. These systems comprise ferroelectric “seeds” 
embedded in a nonpolar matrix material [7]. The matrix material was an ergodic relaxor that displayed a large unipolar 
strain with a corresponding large coercive field and low remanence, whereas the seed was a nonergodic relaxor that showed 
a large remanence and lower unipolar strain. This approach was based on the premise that the seed would act as a nucleation 
point for the polar order in the ergodic relaxor matrix material. In the aforementioned studies, it was found that lead-free 
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0-3 ceramic-ceramic composites showed retention of the large strain found in the matrix material and a decrease of the 
coercive field. The electromechanical response of the BNKT-BA/BNT and BNT-BT-KNN/BNT-BT 0-3 composite 
systems is shown in Figure 2.10, in which enhancement relative to the pure matrix can be observed. 
 
Figure 2.10: Enhancement of unipolar strain and reduction of coercive field in BNKT-BA/BNT composites 
[2] and enhancement at low fields observed in BNT-BT-KNN/BNT-BT composites [1] 
From in-situ XRD measurements it has been proposed that the addition of a polar seed induces a small volume 
fraction of the surrounding matrix to undergo an irreversible electric-field-induced phase transformation from a 
pseudocubic phase to a mixed tetragonal and rhombohedral phase with an accompanying increase in the lattice strain of 
the mixed composite relative to that of the pure ergodic matrix [131]. A mechanism for the observed increase in strain is 
proposed: the seed material irreversibly transforms from a relaxor to a ferroelectric under applied field, serving as a 
nucleation point that allows the ferroelectric domains to further propagate into the surrounding relaxor matrix at a reduced 
external field level [131]. The mechanism responsible for the observed macroscopic response has been described by 
polarization and strain coupling between the seed and matrix [132]. These interactions can be described as a product 
property as explained above. 
Polarization coupling is based on an equivalent circuit model of the composite system comprised of two nonlinear 
hysteretic capacitors in series (CIS), with differing capacitance values between the ergodic matrix and the nonergodic seed. 
The equivalent circuit and its influence on the distribution of electric fields and polarization response are depicted in Figure 
2.11. Because capacitors in series must have an equal charge on each capacitor, the charge on the ergodic matrix increases, 
resulting in an inhomogeneous distribution of electric fields inside the composite. This facilitates the nucleation of domains 
through the coalescence of polar nanoregions [1]. Higher local fields in this composite system were confirmed through 
piezoforce microscopy by Gobeljic et al. [133]. 
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Figure 2.11: Schematic of the equivalent circuit used for the polarization coupling model. The 0-3 and 2-
2 composites are both represented by an equivalent circuit of two nonlinear capacitors (seed and matrix) 
connected in series. 
The effective capacitance of the total composite can be calculated using the capacitor in series model with the 
equation below: 
𝐶𝑒𝑓𝑓 =
𝑄
|∆𝑉|
=  
𝐴𝜀0
(
ℎ𝑅𝐸
𝜀𝑅𝐸
+
ℎ𝐹𝐸
𝜀𝐹𝐸
)
(2. 2)
 
where Q represents the total charge, ∆𝑉 is the voltage potential drop across the total composite, A is the surface area, 𝜀0 is 
the permittivity of free space, and 𝜀  and ℎ represent the dielectric constant and layer thickness, respectively; subscripts RE 
and FE denote either the relaxor or ferroelectric layer. The CIS model assumes a difference in charge distribution across 
the two components due to their difference in permittivity. Since the polarization across the capacitors must be equal, the 
external applied field is distributed between both components, of different permittivities, which results in different local 
electric fields on each component. The component with lower dielectric permittivity will have a larger local electric field, 
particularly relative to the applied field. This larger local field was used to explain the increased strain observed in the 
composite system relative to the pure matrix. 
Some doubt has been cast on the appropriateness of the CIS model for ferroelectric multilayers. Sun et al. showed 
a large discrepancy between the predicted permittivity and the experimental values in ferroelectric/ferroelectric bilayers, 
and attributed this difference to the complexity of interactions between each layer, where domain formation and 
electrostatic interaction contribute to the total polarization of the system [134]. Their work showed that a dielectric bilayer 
could be modeled using the CIS description, but bilayers comprising ferroelectrics were described better by an 
electrostatically coupled model, given by the equation below:  
𝜀𝑒𝑓𝑓 = 𝐴𝜀0 [
1
𝜀0
(
ℎ𝑅𝐸
ℎ
𝑑𝑃𝑅𝐸
𝑑𝐸
+
ℎ𝐹𝐸
ℎ
𝑑𝑃𝐹𝐸
𝑑𝐸
)] , (2. 3) 
where P is the polarization normal to the interlayer interface in layer i and therefore dP/dE is the first derivative of the 
polarization with respect to the internal electric field in the layer. This model was most appropriate in cases where the 
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magnitude of the difference in spontaneous polarization between the two layers was large. However, in some cases a surface 
charge at the interface occurred because of the large difference in polarization, effectively screening the influence of the 
polarization of the other component and resulted in a decoupling of the layers. In those cases, the CIS model could 
accurately predict the effective permittivity of the bilayer system.  
Detailed experimental investigations of the mechanism of polarization coupling in 2-2 composites have been 
performed by Grigoriev et al. in PZT bilayers, revealing that interface charges play an important role in polarization 
switching dynamics, supporting the conclusions made by Sun et al. about electrostatic interactions [135]. Dausch et al. 
measured the large signal polarization response of bilayers composed of antiferroelectric and ferroelectric PZT thin films 
and compared them with the predictions of the CIS model [136]. The thin films were produced by a dip coating and rapid 
thermal treatment, thereby limiting the chemical interaction between the layers as compared to ceramic/ceramic composites 
[137]. They also found large discrepancies between the experimental values and the CIS model, and attributed those 
differences to the absence of the electrode-dielectric interface in the composite system, just as in the electrostatically 
coupled multilayer described by Sun et al.  
Damjanovic et al. demonstrated that bilayer ferroelectrics have a more complex response than the CIS model 
predicts [138]. They showed a frequency dependence of the dielectric and ferroelectric behavior of the composite, even 
when the pure end members have no such frequency dependence. This behavior was termed Maxwell-Wagner piezoelectric 
relaxation, and was shown to occur not only in bilayer structures but also in heterogeneous ferroelectric ceramics with 
anisotropic grains, demonstrating that a 2-2 composite system can provide insight into the interactions between components 
in 0-3 composites as well. The physical basis for this phenomenon is described in the equation below: 
𝑑𝑡𝑜𝑡
" =  
𝜔𝜏(𝜏2−𝜏1)(𝑑2−𝑑1)𝜐1𝜐2𝜎1𝜎2
(1+𝜔2𝜏2)(𝜐1𝜎2+𝜎1𝜐2)(𝜐1𝜏1𝜎2+𝜎1𝜏2𝜐2)
, (2. 4)  
where the total piezoelectric coefficient of the system, dtot
" , is shown to be dependent on frequency ω, the difference 
between the piezoelectric constants of the two end members d1
  and d2
 , the difference in the relaxation times of the two 
end members τ1 and τ2, and the volume fraction of each component, υ1 and υ2. It is clear from the equation above that the 
piezoelectric coefficient of the bilayer system is frequency dependent, even when the coefficients d1
  and d2
  are not.  
Nevertheless, due to its simplicity, the CIS model has remained the predominant method by which the ferroelectric 
and piezoelectric behavior of composite systems is modeled. The CIS model was used to model the behavior of BNT-BT-
KNN/BNT-BT 0-3 composites by Groh et al. [1]. This model was able to accurately predict the poling and depoling fields 
as a function of seed content. However, the 𝑑33
∗  values proved more challenging to predict with the CIS model. The 
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simulation at an applied field of 4 kV/mm gave significantly lower values than the experimental results, but did show an 
increase in the 𝑑33
∗  at 10% seed content, paralleling the experimental results. The simulation overlapped nicely with the 
experimental results under an applied field of 6 kV/mm. These results are reproduced in Figure 2.12. 
 
Figure 2.12: Epol, Edep and 𝑑33
∗  as a function of seed content from experimental data and CIS simulations 
in BNT-BT-KNN/BNT-BT composites, from [1]: Epol, Edep and d_33^* as a function of seed content 
from experimental data and CIS simulations in BNT-BT-KNN/BNT-BNT composites, from [1] 
Strain coupling is another interaction between components of a composite that is neglected in the equivalent circuit 
model. As a mechanism of enhancement, it is based on the fact that the two components of the composite have different 
radial piezoelectric coefficients, therefore the component with the higher piezoelectric coefficient will induce a strain in 
the component with the lower coefficient, resulting in a higher strain response under the same electric field [139]. The 
strain coupling model considers two possible contributions to the strain: the difference in the piezoelectric coefficient 
during application of an electric field, and the difference in remanent strain states after poling. The remanent strain in the 
nonergodic relaxor will affect the surrounding ergodic matrix, giving rise to internal stresses after the first application of 
an electric field. The remanent strain in the polar seed phase was found to result in internal stresses after electrical poling, 
using the equations below [132]: 
𝜎𝑅𝐸 = 𝜀𝑟𝑒𝑚𝑛𝑎𝑛𝑡
𝐹𝐸 [
1
𝑌𝑅𝐸
+
1
𝑌𝐹𝐸
(
𝑅𝐸 
𝑛 𝑅𝐸 
ℎ
𝐹𝐸 𝐹𝐸 ℎ 𝑛
) (1 + 𝜀𝑟
𝐹𝐸)]−1 (2. 5) 
𝜎𝐹𝐸 = −𝜎𝑅𝐸 (
𝑅𝐸 
𝑛 𝑅𝐸 
ℎ
𝐹𝐸 𝐹𝐸 ℎ 𝑛
) (2. 6) 
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where Y is the elastic modulus, n is the number of layers, h is the thickness of each layer and 𝜀𝑟
𝐹𝐸 is the lateral remanent 
strain in the polar seed. This calculation revealed that the polar seed phase was in tension and the ergodic relaxor matrix 
phase was in compression after electrical poling. Therefore, the composite structure results in a contribution to the total 
strain as a consequence of the different remanent states of each constituent. In addition, the difference in 𝑑31
∗  contraction 
between the two components during electrical loading will contribute to internal stresses. Both strain and polarization 
coupling enhancement mechanisms were evaluated by Zhang et al. through the formation of multilayer serial and parallel 
connected composites [132]. Zhang et al.’s work revealed an enhanced 𝑑33
∗  for both polarization coupled and strain coupled 
2-2 composites at 30% seed content under an applied field of 4 kV/mm with a frequency of 50 mHz. The same composition, 
30% seed content, was found to have an optimal 𝑑33
∗  in the 0-3 composite. As a result, it was concluded that the 
enhancement observed in 0-3 composites arises from a combination of polarization and strain coupling between the seed 
and matrix phase. This work also revealed the microscopic relaxation of domain formation after poling by PFM, where the 
relaxation of the ergodic relaxor was strongly influenced by the presence of the polar seed. 
Enhancement due to composite structures is not limited to 0-3 composites, as 2-2 layered composites have also 
been used to optimize ferroelectric, piezoelectric, and dielectric properties [132]. The multilayer approach has also been 
used to tailor the large field electrical constitutive behavior of ferroelectrics; for example in 2-2 composites of PZT and 
PLZT it was observed that the coercive field and remanence could be lowered while increasing saturation polarization by 
optimizing the end member content [137]. While initial investigations of 2-2 composites were centered on the bulk 
macroscopic dielectric, ferroelectric, and piezoelectric behavior [114], recent investigations have emphasized the effects 
of co-firing in these systems and residual stresses due to differences in shrinkage [44], [140], [141]. 
Interdiffusion is a factor in the synthesis of composites that to date has not been exhaustively investigated in 
ferroelectric composite systems. There is a large body of evidence for the occurrence of interdiffusion during sintering in 
a variety of ceramic materials. These effects include interdiffusion from electrodes into the ceramic [142]–[144], as well 
as interdiffusion between constituents in ceramic/ceramic composites. Interdiffusion between PZT and lead nickel niobate 
(PNN) multilayers has been demonstrated through electron probe microbeam analysis [145]. In BNT-based materials, 
interdiffusion between the metallic electrode and ceramic have also been observed [144]. This phenomenon was attributed 
to the high concentration of A-site vacancies in BNT due to the volatility of bismuth. In some systems, diffusion could not 
be immediately concluded; for example TEM investigations of BNT-BT-KNN based composites have shown at least two 
different types of grains in a composite system, which was attributed to the presence of chemically distinct seed and matrix 
grains, Figure 2.13 [1]. PFM investigations of the same composite system have stated that intermixing of the constituents, 
especially close to grain boundaries, cannot be excluded due to evidence that the “ergodic grains” measured in this study 
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exhibited broader hysteresis loops than those of pure ergodic relaxor materials, indicating that the ergodic grains were 
altered by the nonergodic grains through nanometer sized-inclusions distributed in the surrounding “ergodic relaxor” matrix 
[146]. However, an exhaustive quantitative investigation of chemical composition across multiple grains has proven 
challenging due to the submicron length scale at which diffusion occurs [147]. 
 
 
Figure 2.13: TEM and EDS investigations of composite materials, BNKT-BA/BNKT[136]  and BNT-BT-
KNN/BNT-BT [101]  
TEM investigations of BNKT-BA/BNKT composites, on the other hand, have shown the influence of the 
composite structure on the final crystalline phase, but did not include corollary measurements of composition in the same 
grains analyzed using SAED [148], also shown in Figure 2.13. Those investigations, however, revealed that under an 
applied electric field, a charge accumulation occurs at the phase boundary between BNKT and BNKT-BA due to the 
difference in permittivity between the two materials. An investigation of interdiffusion in BNKT-BA/BNT composites was 
performed through a sintering study, in which it was shown that an increased sintering time of 36 h results in a reduced 
coercive field of 0.98 kV/mm, from 1.4 kV/mm at a 4 h sintering time, and an increase in the 𝑑33
∗  to 1000 pm/V [149], 
which was attributed to the enlarged grain size of BNT as well as K+ and Al3+ doping in the BNT grains. Further 
investigations on enhancement mechanisms in BNKT-BA based composites were performed by changing the structure 
from a 0-3 to a 2-2 structure, and it was observed that the coercive field was higher in the 0-3 composites than in the 2-2 
composites, as was the total bipolar strain [150]. 
Mechanical stress arising from co-sintering is also an important factor in the behavior of ferroelectric composites, 
as it can have a dramatic influence on the microstructure during processing, as well as an impact on domain switching due 
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to residual stresses in the final sintered body [1], [112]. It is well established that co-sintering of ceramic composites can 
influence the microstructure [151]. Co-sintered structures have been investigated for internal stresses due to differences in 
shrinkage rate [152], but the precise effects of co-sintering on ferroelectric properties of lead-free composites has to date 
not been elucidated. There is an increasingly large body of evidence for stress-induced structural phase transitions in single 
crystal and polycrystalline ferroelectrics [131], [132], making the presence of such stresses an important consideration in 
the optimization of lead-free ceramic composites. In addition, recent work has also demonstrated that an external 
mechanical stress can induce a transition from the relaxor state to a metastable long-range ferroelectric order state, [29] 
analogous to the well-known electrical case [92]. The presence of internal stresses in laminate structures is well established 
and has been observed in metals [153], polymers [154], and ceramics, in which it is often attributed to a difference in 
sintering rates [151]. For instance, the size and orientation of grains have been shown to depend on the internal stress fields 
caused by differences in thermal expansion and sintering trajectories [155], [3]. Understanding and manipulating these 
stresses, primarily through changes in the substrate, has enabled improvements in the properties of piezoelectrics, both in 
lead-based piezoceramics, such as PZT films for ultrasound applications [156], and lead-free ferroelectrics, such as 
dielectric permittivity in BaTiO3 multilayer composites [157]. 
A summary of the significant piezoelectric and ferroelectric properties for actuator applications is provided in  
Table 2, enabling a comparison of recent lead-free piezoceramics with the commercially dominant PZT. As can be observed 
from this table, the composite system has provided one of the most viable alternatives to PZT because of its reduced 
coercive field and increased 𝑑33
∗  value. Understanding the mechanisms by which this enhancement occurs enables the 
development of new lead-free material systems, not only through changes in composition but also through tailoring of 
fabrication methods to take advantage of interactions during sintering, such as the aforementioned influence of internal 
stresses and interdiffusion 
By changing the composite structure from a mixed (0-3) composite to a multilayer (2-2) composite, an 
investigation of the interactions between the seed and matrix phase in lead-free ceramics is achieved. As will be discussed 
in great detail in the chapters that follow, 2-2 composites further facilitate the investigation of interactions between the 
seed and matrix material by providing a macroscale, two-dimensional, experimental model of these interactions.  
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Table 2:Summary of large signal piezoelectric response of BNT-based ferroelectrics in comparison to PZT, 
*BNT Td depends strongly on stoichiometry [158]**for BNT-BT-3KNN rather than BNT-BT-2KNN, 
***for BNT-25ST rather than BNT-28ST 
 Ec  
 (kV/mm) 
𝒅𝟑𝟑
∗   
(pm/V) 
εr  
(poled, 
RT) 
Phase transition 
temperature (Td/Tc/Tf) 
 (°C) 
PZT [49] 1.5 600 8000 Tc: 330 - 420 °C depending on 
composition [157] 
BNT [49] 7.3 500 [59] 780 Td: 187 °C-300 °C* [159], [160] 
BNKT [108] 2.55 212 1030 
[161] 
Tc: 292 °C [162] 
Td: 233 °C [163] 
BNT-6BT [59] 2.3 280 1600 Tc: 288 °C [164] 
Td: 110 °C [165] 
 
BNT-6BT-2KNN [166] 3.59 560 2000 Tf : 48 °C** 
BNKT-6BA [2] 3.2 440 1550 Tf : 20 °C* [167] 
BNT-28ST [102]  2.33 600 1600 110 °C [168]*** 
Composite:  
BNKT-BA/20% BNKT [167] 
1.3 780 [2]  1483 Td : >120 °C 
Composite: 
BNKT-BA/20% BNT [149] 
0.8 750 1333 [2] n/a 
Composite: 
BNT-BT-2KNN/10%BNT-BT [147] 
1 680 2000 Td : 125 °C [169]*** 
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3. Experimental Methods 
 Powder and Sample Preparation 
BNT-7BT, the primary seed powder utilized, was produced using the following powders with >99% purity from 
Alfa Aesar, (Karlsruhe, Germany): Bi2O3, BaCO3, NaCO3, TiO2. BNKT-6BA was produced using Alfa Aesar powder of 
the following purity and composition: Bi2O3, K2CO3, NaCO3, TiO2, and Al2O3. BNT-6BT-3KNN powder was produced 
using the following powders with a purity >99% Bi2O3, BaCO3, K2CO3, NaCO3, Nb2O5, TiO2, all from Alfa Aesar. 
 
Figure 3.1: Flow diagram of solid-state powder synthesis 
The powder processing procedure is summarized in Figure 3.1 and described in more detail below. The raw 
powders were ball milled for 24 h in ethanol at 120 rpm in a nylon milling vial with 5 mm diameter yttrium stabilized 
zirconia milling balls, in order to homogenize the distribution of chemical constituents prior to solid-state synthesis. The 
milling was performed in a planetary mill, (Pulversiette 5, Fritsch GmbH, Idar-Oberstein, Germany). They were then dried 
for 48 h in a drying oven at 100 °C (Memmert GmbH + Co. KG, Schwabach, Germany). After drying, they were pestled 
with an agate mortar and pestle, and then calcined in a two-step calcination process in alumina crucibles (Gieß-Technische-
Sonderkeramik GmbH & Co. KG, Düsseldorf, Germany). The calcination was performed with a heating rate of 5 °C/min, 
a holding time of 2 h at 700 °C, a further heating at 5 °C/min to 800 °C, which was held for 3 h, followed by cooling at an 
uncontrolled rate to room temperature. After calcination, the calcined powder was ball milled for 20 min to produce larger 
Stoichiometric 
combination of 
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and oxides
Milling for 
homogenization of 
particle size and 
chemical distribution
Solvent filtration and 
drying
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49 
 
powder of 2 µm, and 24 h to produce powder of 1 µm. They were then dried for 48 h in a drying oven at 100 °C. After 
drying, they were pestled with an agate mortar and pestle. 
 
Figure 3.2: Flow chart of sample preparation 
As shown in Figure 3.1, pure end members were produced with the compositions described above, and 
characterized for electromechanical properties and phase purity by XRD. A perovskite phase is expected to be identified 
in phase pure calcinated materials. The XRD was performed in a diffractometer (Bruker D8 Advance, Bruker, Billerica, 
USA) using Cu-K radiation with a wavelength of 1.5425 Å. The data was collected in the range of 10° to 90° with a step 
size of 0.02° and a measuring time of 5 s at each step. Sintered discs were annealed at 400 °C prior to the measurement to 
prevent mechanical stresses from affecting the XRD results. Phase purity was evaluated both in powders and sintered 
bodies. The measurements were performed by Jean-Christophe Jaude, TU Darmstadt.  
Powders with no secondary phases in XRD were then tested for desired electromechanical behavior. The matrix 
powder was selected based on ergodicity, meaning its remanent strain must be below 5% of the total strain. The matrix 
powder BNT-6BT-3KNN must also have a maximum strain of at least 0.2 % at 4 kV/mm. The seed powder was selected 
for quality based on its correspondence to literature values in unipolar strain and polarization. 
 
Figure 3.3: Processing of composite samples 
For the production of 0-3 composites, the matrix and seed powder were mixed together by rolling the mixed 
powders on a rolling bank for 30 min. Following the mixing procedure, the samples were shaped into disks by hand pressing 
in a uniaxial press with a 10 mm diameter in the green body. For large signal electromechanical properties, approximately 
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0.3 g of powder was used. For large signal ferroelastic measurements under applied stress, and dielectric small signal 
properties under applied stress, samples were pressed with approximately 1.8 g of powder. This is summarized in Figure 
3.3. 
For the production of 2-2 composites, the matrix was shaped into a disk by introduction into a uniaxial press with 
a 10 mm diameter. The powder was pressed by hand for 5 s, the press removed from the die, and the seed powder was 
introduced into the die. The powder was again pressed by hand for 5 s, the press was removed from the die, and then the 
final layer of matrix powder was introduced. The final pressing step, by hand was held for 10 s. Care was taken between 
each pressing step to clean the press with silicon oil to avoid cross contamination of seed and matrix between designated 
layers.  
The shaped green bodies were then placed inside a latex sheath, evacuated from gas, and pressed isostatically in 
oil using a cold isostatic press (KIP 100E, Paul-Otto Weber GmbH, Remshalden, Germany) at 300 MPa for 90 s. After 
pressing, the samples were sintered for 2 or 3 h at 1100 °C in sacrificial powder. Care was taken to assure that the sacrificial 
powder was the same as the matrix powder. They were subsequently ground to a plane parallel surface using a 15 um 
grinding wheel. The final grinding step was performed by Michael Heyse of TU Darmstadt.  
 
Density of ground samples was measured using the Archimedes method. In this method, open pores of a complex 
geometry are filled with water by leaving individual samples in distilled water while under vacuum. The sample is first 
weighed dry (Md), then weighed after fluid impregnation into the pores, (Mi) and then weighed while immersed in water 
(Mw). The density is calculated with the following equation: 
𝑝 = 𝑝𝐻2𝑂 ×
𝑀𝑑
𝑀𝑖 − 𝑀𝑤
 3. 1 
𝑝𝐻2𝑂 is the density of water as a function of temperature. The relative density is then calculated as the ratio of the measured 
density by the Archimedes method to the theoretical density. The theoretical density is the density of the material with 0% 
porosity, determined from the stoichiometric formula by atomic weight of its constituents, and divided by the volume 
determined from the lattice constants by XRD. 
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 Electrical Characterization 
 
Three different pieces of equipment were used for the measurement of large signal electromechanical behavior. 
For samples of dimensions greater than 2 mm, and room temperature measurements, a modified Sawyer-Tower circuit was 
used. This method was used primarily for samples larger than 2 mm, and their reference measurements. Alternatively, for 
samples below 2 mm measured at 4 kV/mm, a commercially available system was used (aixPES system, AixACCT 
Systems GmbH, Aachen, Germany). For determination of local strain during application of large fields, in collaboration 
with Dr. Di Chen and Professor Mark Kamlah of Kalrsuhe Institute of Technology, a digital image correlation system was 
used. All large signal measurements are performed with the sample immersed in silicone oil. Each measurement method 
is described in more detail below.  
Room Temperature Characterization 
Strain and polarization measurements as a function of applied electrical field were performed on a modified 
Sawyer-Tower circuit. An electrical field with a triangular signal is applied through a LabView program to a voltage source 
(20/20C, TREK, Inc., New York, USA). The sample was in series with a capacitor of known capacitance, hereon referred 
to as Cref. The voltage drop V across the reference capacitor with capacitance C is proportional to the polarization charge 
Q, based on the equation 
𝑄 = 𝑉 ∙ 𝐶 3. 2 
Capacitors in series have equal charge. By measuring the voltage across the reference capacitor, with a known 
capacitance, the charge across the reference capacitor and, therefore, the sample in series to it can be measured. The 
polarization is simply the charge divided by the area of the sample, or P=Q/A. Therefore, a determination of the polarization 
as a function of applied electrical field is possible throughout electrical cycling by constantly gathering data points for the 
voltage across the reference capacitor. Care must be taken to assure that the reference capacitor’s capacitance is an order 
of magnitude higher than that of the measured sample, otherwise the voltage drop across the capacitor can be too large and 
result in sample breakdown [16].  
Simultaneous measurement of strain as a function of applied field takes place through a laser displacement sensor 
(D63, Philtec, Inc., Annapolis, USA). The sample is held in place with a contact, which is displaced upon a change in 
dimension of the sample. The optical sensor is comprised of a light-emitting glass fiber optic which shines a laser directly 
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onto the highly reflective metal surface on top of the upper contact point. A displacement of the sample is thereby detected 
in the fiber optic by a change in light intensity induced by the displacement of the upper contact relative to the laser source. 
Temperature-Dependent Characterization 
Temperature-dependent strain measurements were performed in a commercially available system from Aixacct, 
(aixPES system, Aixacct Systems GmbH, Aachen, Germany), with a limitation of 10 kV available, making it only usable 
for samples below 2 mm when a desired field of 6 kV/mm was applied. Displacement is determined through a built-in 
single-beam laser interferometer using a single beam laser interferometer (Polytec OFV-5000 Vibrometer Controller), 
while polarization is determined through the virtual ground method. The heating rate for increases in temperature is 
approximately 1 °C/min, with 10 min of equilibration time provided for the temperature to stabilize prior to measurement. 
Frequencies from 50 mHz to 1 Hz were used during applications of electric fields up to 6 kV/mm. Details of the frequency, 
field and temperature are provided with each measurement result collected from this device.  
Digital Image Correlation (DIC) 
Samples for digital image correlation measurements under applied electric field were prepared from pure end 
member samples and layered structures synthesized as described above. After sintering, the samples were ground to 
rectangular shapes from cylindrical samples. The base of the samples was 5 x 5 mm and the height was 6 mm. One face of 
the sample was covered with speckles for displacement tracking. Artificial speckles were sprayed onto the observation 
surfaces by means of an air brush (AT-Airbrush Pistole Kit, AT-AK-02, Agora-Tec, Germany) instead of the natural 
textures on the surfaces.  
A schematic of the measurement setup is shown in Figure 3.4. A linear variable displacement transducer (LVDT) 
sensor (Type W1T3, HBM, Darmstadt, Germany) was used to measure the bulk displacement of the sample, and a digital 
camera (PL-B782F, Pixelink, Ottawa, Canada) was used to record the local displacement of markers along the surface of 
the sample. An oil bath was used to prevent arcing from the sample. An electric field with a loading rate of 0.016 kV/mm 
s
−1
 (0.01 Hz) was supplied by a bipolar high-voltage power supply (HCB 15-30000, F.u.G., Rosenheim, Germany). A total 
of 3 bipolar cycles was applied on the sample. A lens with 2X magnification (MVO-TML telecentric measuring lens, 
Edmund Optics Inc., Germany) was used to provide a high image resolution of 1.75 µm/pixel. 2 images per second were 
generated using the digital camera during the application of the electric field. The experiment was controlled and the data 
were acquired by a computer running LabView 2009. After the experiment, Matlab R2011b was used to analyze the images 
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saved to a hard disc. These measurements were performed by Dr. Di Chen and Professor Mark Kamlah of the Karlsruhe 
Institute of Technology. 
 
Figure 3.4: Schematic of DIC measurement setup with applied electric field, from [170] 
 
The small signal dielectric permittivity and loss were measured as a function of temperature at frequencies from 
102 Hz to 106 Hz from room temperature to 450 °C with a heating rate of 2 °C/min in a Nabertherm LE4/11/R6 furnace 
equipped with a custom-made spring clamped sample holder and contacted with external platinum electrodes. The samples 
were poled at an electric field of 2 kV/min for 5 min at 150 °C and then cooled under the same field to room temperature. 
The capacitance of the sample was determined using an LCR impedance analyzer (HP4192A, Hewlett-Packard Co., Palo 
Alto, USA). The relative permittivity was calculated using the equation: 
𝜀𝑟 =  
𝐶𝑑
𝜀0𝐴
 3. 3 
A denoting the sample area and d the sample thickness, whereas C is the capacitance measured by the LCR meter. 
 Mechanical Characterization 
 
Stress-dependent large signal (strain and polarization) and small signal (permittivity) properties were measured 
on a mechanical load frame (Zwick Z030) outfitted with a modified Sawyer-Tower circuit. This setup included heating 
elements capable of reaching 600 °C. The permittivity small signal behavior was measured through a custom built LabView 
program developed by Dr. Florian Schader, while the large signal properties were measured with a commercially available 
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Zwick software that accompanies the device. Low temperature stress-dependent measurements were performed on the 
Instron load frame (5967, Instron GmbH, Darmstadt, Germany), in which associated commercial software was used for 
measurement recording and signal application. Strain was measured through a calibrated LVDT. Applied stress was 
controlled through the load frame. 
 
Figure 3.5: Schematic of load frame used for stress-dependent measurements, taken from [171]:  
 
Vickers indentation was performed on the bulk end members as well as the individual layers of the composite 
structure. During testing, a weight of 2 kg was used with a loading time of 10 s. A total of 5 indents for each sample were 
used to determine repeatability. Prior to Vickers indentation, samples were vertically sectioned and polished to a 1 μm 
surface finish. Samples were annealed to 400 °C for 30 min prior to testing, meaning that all samples were in the virgin 
state during indentation. An additional experiment was performed on a mechanically textured sample. Prior to indentation, 
the sample was applied with a uniaxial compressive stress of –500 MPa (loading/unloading rate of –4 MPa/s). Immediately 
after mechanical loading, three Vickers indents were applied. For all indentation experiments, the subsequent crack lengths 
were measured using optical microscopy (Olympus BX51 light microscope, Tokyo, Japan). 
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Figure 3.6: Schematic of crack length analysis from Vickers indentation, with 2a being the length of the 
horizental crack and 2b being the length of the vertical crack 
 
Nanoindentation measurements were performed with the assistance of Olena Prach at the Technical University of 
Darmstadt. These measurements were performed on an MTS3 NanoIndenter® XP with a three-sided diamond Berkovich 
indenter tip having a nominal centerline-to-face angle of 65.27° at room temperature, with an indentation force of 45 mN 
and target depth of 5000 nm. All samples investigated by nanoindentation were first polished with diamond paste of 1 µm 
coarseness.  
For 2-2 composites, the sample cross-section perpendicular to the seed/matrix interface was prepared in this 
manner by first cutting the sample in half with a diamond wire saw, imbedding the sample in an epoxy resin, and then 
polishing. Indents were made along the cross section in a grid every 50 µm along the samples height, and in a row with 50 
µm spacing between each indent in the row. The area in which indents were taken was aligned with the area in which EDS 
compositional analysis was performed, detailed below.  
 Microstructural Characterization 
 
2-2 samples were prepared for microstructural investigation by vertical sectioning using a diamond wire saw, 
followed by polishing to a 0.25 μm surface finish on the vertically cut face. They were thermally etched at 1100 °C for 5 
min and sputtered with a thin layer of gold for imaging by scanning electron microscopy. For Energy Dispersive 
Spectroscopy (EDS) investigations, the samples were sputtered with a thin layer of carbon. SEM images of the 2-2 cross-
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section as well as compositional analysis through the thickness were performed using a SEM (XL 30 FEG; Philips, 
Eindhoven, the Netherlands). EDS measurements to determine composition were performed on polished samples using a 
high-resolution SEM (JSM-7600 FEG; JEOL, Tokyo, Japan) also equipped with an EDS detector (Silicon Drift Detector 
(SSD), 80 mm2; Oxford Instruments plc, Oxfordshire, UK). The EDS line scan in the high-resolution scanning electron 
microscopy (HRSEM) was performed with a dwell time of 3 ms, over ten points across the interface region for each line 
using a beam energy of 8 kV. 50 such lines were collected with a distance of 50 μm between each line. 
Grain size was characterized using the freeware ImageJ (National Institute of Health version 1.48). The grain size 
was analyzed from a series of SEM images across the 2-2 samples at a magnification of 50000x and an accelerating voltage 
of 20 kV. Each image contained approximately 150 grains. The grain size was determined through the following method: 
each grain was outlined by hand with a drawing tool and measured with a built-in script for the grain area, which was then 
back-calculated into a grain diameter. 
 
Light microscopy images (DM2500, Leica, Wetzlar, Germany) were taken of the samples at a magnification of 
50x, every 100 µm. Analysis of pore size and porosity were obtained with a stack script written and implemented in ImageJ, 
wherein the images were converted to binary pictures and the dark areas were analyzed for size and percent coverage of 
the image. 
 
TEM images were taken using a JEOL 2100F (JEOL Ltd., Tokyo, Japan). Compositional analysis of TEM samples 
was performed by EDS analysis using with an accelerating voltage of 200 keV. These measurements were performed with 
Dr. Michael Durrschnaebel and Dr. Leopoldo Molina-Luna. The samples were ground to a thickness of about 100 µm and 
polished using diamond paste. They were then sliced into samples of 3 mm diameter by ultrasonic disc cutting (Model 601, 
Gatan Inc., Pleasanton, USA) and dimpled in the center to 10 µm thickness. The final thickness of the sample was reduced 
to below 3 µm by argon milling (Rapid Etching System 010, Bal-tec AG, Balzers, Liechtenstein). For EDS measurements, 
the samples were sputter-coated with carbon (MED 010, Bal-tec AG, Balzers, Liechtenstein) to prevent charging under the 
electron beam. Sample preparation was performed by the author.  
 
The coordination number of aluminum in BNKT-BA composites was analyzed using nuclear magnetic resonance 
spectroscopy (NMR). This work was performed with Dr. Pedro B. Groszewicz of the Chemistry Department at TU 
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Darmstadt. Solid-state NMR spectra were acquired with a Bruker Avance III spectrometer with a carrier frequency of 
156.37 MHz for 27Al and 158.75 for 23Na. Composite pellets were ground to powders, which were then mixed with boron 
nitride (1:2 volume) to facilitate spinning, and samples were spun under MAS conditions at a spinning frequency of 13 
kHz in 4 mm ZrO2 rotors.  
For 27Al MAS NMR experiments, a single-pulse sequence with a pulse length of 2.0 μs and a dwell time of 0.4 
μs ensured appropriate excitation and recording of the complete spectrum. A total number of 40960 scans were 
accumulated, with a recycle delay of 500 ms in between scans. No significant difference was observed for longer recycle 
delays. 23Na MAS NMR experiments followed a similar protocol, adjusted for the different nucleus. 
Two-dimensional 27Al 3QMAS (or MQMAS) NMR spectra were acquired with a Z-filter pulse sequence, [121] 
with excitation, conversion and Z-filter pulse durations of 4.3 μs, 1.5 μs and 11.0 μs, respectively. The Z-filter delay was 
20 μs long, and 64 t1 increments were recorded in a rotor-synchronized fashion, with a recycle delay of 1.0 s, and 3072 
scans for each increment. The chemical shift scale was referenced to a 1 M AlCl3 aqueous solution (0 ppm). 
 
Raman spectra were measured using a LabRAM HR high resolution microscope with a 633 nm wavelength laser and a 
50X objective (Horiba Jobin Yvon, model HR 800, Villeneuve-d'Ascq, France). This measurement was performed on 
freely sintered BNT-25ST and BNT-7BT polished to a 1 µm surface finish and on the cross-section of a BNT-25ST/BNT-
7BT 2-2 bilayer composite, with one spectra collected in each layer.  
 
In-Situ Stress-dependent XRD
In-situ stress-dependent experiments were carried out at the ID15 beam line of the European Synchrotron 
Radiation Facility (ESRF). A monochromatic beam of 72.72 keV was used, with a wavelength of 0.17049 Å. A custom-
made compact load frame capable of applying compressive stresses up to 10 kN was used to compress the sample during 
measurement. The compressive load was applied by a piezoelectric actuator (P-235.80, PI Ceramic GmbH, Lederhose, 
Germany), controlled by an applied field generated by a high-power voltage amplifier (E-481.00, PI Ceramic GmbH). A 
function generator was used to create a triangular voltage input signal for the amplifier with a maximum voltage of 5 V 
and frequency of 625 µHz. The maximum possible stress applied on the sample was -593 MPa. The sample was machined 
to a diameter of 1 mm and a height of 2 mm to retain an aspect ratio of 2:1. Diffraction images were collected in 
transmission geometry using a Pixium 4700 flat panel area detector at a rate of 2 Hz during the application of the triangular 
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loading profile. Data analysis was performed using the Rietveld refinement method. This method was used to determine 
the crystal structure as a function of applied stress in BNT-7BT and BNT-BT-KNN. This work was performed with Dr. 
John Daniels of the University of New South Wales, and Dr. Neamul Hayet Khansur, currently at the Friedrich-Alexander 
University in Erlangen-Nuremberg.  
Micro-X Ray Diffraction 
 Micro-XRD was performed with a Rigaku SmartLab X-Ray Diffractometer, using a collimator of 300 µm to 
measure a narrow portion of the composite. The scan was performed over the sample cross-section, a total of 2400 µm 
with a 150 µm interval between each scan, with a speed of 1 °/min using a wavelength of 1.5418 Å from a Cu Kα source. 
An XRD pattern was collected every 100 µm using a beam collimator that results in a beam size of 300µm. The size of 
the beam results in an overlap of the measurement region from the preceding and subsequent measurement position. A 
total of nine patterns were collected. Diffraction patterns from 20-70° were measured. This work was performed in 
collaboration with Professor Shintaro Yasui of the Tokyo Institute of Technology. 
Further micro-XRD measurements were performed at BL15 in the SPring8 Synchrotron source in Japan, at which 
a higher spatial and angular resolution were available. A double-crystal monochromator with a liquid-nitrogen cooling 
system is used for monochromatization of synchrotron beams to a beam size of 100 µm. The beam wavelength was 1 Å. 
PDMS lenses further focus the beam to a width of 11 µm and a height of 7 µm. For 2-2 composites of BNT-BT-KNN/BNT-
BT, the aforementioned beam size was used, with a new diffraction pattern acquired every 20 µm. 80 measurements were 
performed along the sample for each reflection. For 2-2 composites of BNKT-6BA/BNT-7BT, a beam size of 50 µm in 
height and 200 µm in length was collected every 100 µm. More details of the sample setup are provided with the associated 
results. The (111) and (200) reflections were measured with a data collection time of 4 min. All samples were performed 
along the cross-section of 2-2 composites, under ambient conditions. These measurements were performed in collaboration 
with and through the assistance of Professor Shintaro Yasui.  
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4.  Investigations of Ceramic/Ceramic Composite Chemical Composition, Correlated Crystal 
Structure and the Influence of Processing  
 Introduction  
As discussed in the introduction, in the burgeoning field of ceramic/ceramic composites, the investigation of 
structure-property relationships has yielded a variety of important insights into the role of chemical composition, crystal 
structure, and microstructure on the piezoelectric and ferroelectric response. In this chapter, taking inspiration from the 
structural investigations discussed in the literature review, [148], [149], [172], the chemical composition and its influence 
on crystal structure were investigated in 2-2 and, where possible, 0-3 composites. Due to the challenges of detecting 
chemical differences between BNT-6BT-3KNN and BNT-7BT, only the crystal structure across 2-2 composites is reported 
for that system. BNKT-BA/BNT-7BT composites were used as a model system to investigate the degree of interdiffusion 
between seed and matrix and its influence on the crystal structure within the composite. Given that the A-site is occupied 
by a combination of Bi3+, Na+, Ba2+ and K+, and the B-site is occupied by a combination of Ti and either Al4+ or Nb5+ 
depending on the matrix material used, the lattice constants depend on the proportion of elements found on each site. 
 Evidence of interdiffusion and its influence on crystal structure is shown in both 0-3 and 2-2 composites of 
BNKT-6BA/BNT-7BT through EDS-TEM and SAADP of the former and EDS-SEM and local micro-XRD measurements 
of the latter. An investigation of the local atomic scale environment of Al was performed through NMR to further clarify 
the influence of interdiffusion on the lattice of BNKT-6BA/BNT-7BT composites.  
Having demonstrated that interdiffusion does indeed occur in composites, an investigation of the influence of 
sintering parameters on composition and crystal structure was undertaken. 2-2 composites of BNKT-6BA/BNT-7BT were 
sintered for 2 h, 6h, 12 h, and 24 h, and their chemical composition along the sample cross-section was evaluated by SEM-
EDS. The composition was compared to the crystal structure determined by micro-XRD, where a more homogeneous 
composition and structure became apparent with increasing sintering time.  
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 XRD of Sintered Constituents 
 
Figure 4.1: XRD patterns of BNT-7BT seed, BNKT-6BA and BNT-6BT-3KNN as matrix, from 20 to 80° 
All of the materials used in this work show a perovskite structure in their final freely sintered state. No peaks 
indicative of a secondary phase are apparent in the diffraction patterns shown in Figure 4.1. The BNT-7BT and BNT-BT-
3KNN diffraction patterns are nearly identical and appear pseudo cubic. The BNKT-6BA diffraction pattern shows a 
shoulder in the (200)/(002) peak indicative of a tetragonal phase, similar to previously published diffraction patterns for 
this material [108]. The BNT-BT-KNN and BNT-7BT diffraction pattern corresponds well to previously published data 
on the same material system [173]. 
 BNT-6BT-3KNN/BNT-7BT Composites 
 
To better distinguish the influence of the composite system on crystal structure, micro-XRD was used to evaluate 
the local crystal structure of composites. The measurements were performed both on a laboratory-based Rigaku SmartLab 
XRD system at TYIT and at BL15 of the SPring8 synchrotron source in Aio, Japan by the author and Professor Shintaro 
Yasui. Details of this measurement are provided in the Experimental Methods section.  
The diffraction patterns as taken across the full measurement spectrum from the 2θ range of 20 to 90° every 300 
µm across the cross-section surface for the 10% 2-2 composite is shown in Figure 4.2 The middle region is the seed BNT-
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7BT region and the top and bottom regions are BNT-6BT-3KNN, as co-sintered. The diffraction pattern of the matrix 
region in the composite has broader (111), (200), and (220) peaks relative to the freely sintered BNT-BT-KNN, with 
shoulders either to the right or left of the peak, indicative of a peak splitting. This is particularly pronounced in the (200) 
peak. Comparing the seed region of the composite to the pure BNT-7BT diffraction pattern, the (111) and (200) reflections 
are split in the composite and singlets in the freely sintered constituent.  
Refinement of the diffraction patterns shown in Figure 4.2 (a) provides an understanding of the crystal structure 
as a function of position. Generally, pseudocubic reflections are considered a superposition of the reflections of the 
tetragonal and rhombohedral phases, which means that the average crystal structure is cubic within the resolution limit of 
the x-ray diffraction instrument used. In other words, local scale deviation can not be identified using conventional powder 
x-ray diffraction method [26]. Splitting of a pseudocubic peak enables, through Rietveld refinement, the evaluation of 
relative phase fractions between the tetragonal and rhombohedral phase. From Figure 4.2(b), it can immediately be 
observed that the seed region has a higher tetragonal phase fraction than the matrix regions. The ratio of the rhombohedral 
to tetragonal phase fraction is not uniform throughout the matrix region. In the matrix region to the left of the seed region, 
i.e., from 300 to 1000 µm, the rhombohedral phase fraction increases. Throughout the sample, it remains a much lower 
proportion relative to the tetragonal phase.  
The change in the lattice parameters of the tetragonal and rhombohedral phases as a function of position are shown 
in separate panels of Figure 4.2 (c) and (d) respectively. It can also be observed that the lattice parameters of the seed and 
matrix regions are not uniform. The value for cp4bm is highest in the seed region, with a value of 3.945 Å. A similarly large 
cp4bm can be observed at the interface between the seed and matrix regions. The ap4bm lattice parameter is more uniform 
through the composite. For comparison, freely sintered BNT-BT-KNN has a cp4bm of 3.94 Å and BNT-7BT has a cp4bm of 
3.91 Å. Therefore, the lattice parameters of the seed region increase in the composite structure relative to the pure seed. 
For the rhombohedral parameters, the average difference for both a and c parameters between the two matrix 
regions is 0.05 Å. The cause of the difference in rhombohedral lattice parameters in the two matrix layers is not immediately 
clear, but may be due to a difference in stresses during sintering. The presence of stress during sintering is possibly 
influenced by the setup and sample orientation, where one matrix layer faced the bottom of the crucible, with traces of 
sacrificial powder, while the other was exposed to sacrificial powder and air. A clear increase in ar3c can be observed from 
the first matrix region to the seed region, the lattice parameters at the interface region, (from 900-1200 µm) being 0.02 Å 
larger than the first 300 µm of the matrix region. Previous work by Khansur et al. did not observe any difference in lattice 
parameter between pure BNT-BT-KNN, BNT-BT, and the 0-3 mixed composites thereof [131]. Both 0-3 and 2-2 systems 
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undergo chemical diffusion from one constituent to another. Therefore, it is hypothesized that the most likely difference in 
lattice parameter in the 2-2 composites is a result of the particularities of this structure, such as in-plane biaxial stresses, 
which will be discussed in more detail in the following chapters.  
In Figure 4.3, a comparison is made between the freely sintered constituents and the respective region of the 10% 
2-2 composite. For the BNT-7BT region, the (200) and (211) reflections are much broader, indicative of peak splitting, 
relative to the freely sintered constituent. In the BNT-BT-KNN region at the edge of the sample, from 100-300 µm, a 
splitting of the (200) reflection can also be observed, whereas in the freely sintered material it is a singlet indicative of 
pseudocubic reflections. There is also a slight shift to lower angles in the (110), (111) and (211) peak, indicating an increase 
in the lattice parameter. 
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Figure 4.3: Comparison of XRD of (a) BNT-7BT and (b) BNT-BT-KNN freely sintered and in the 10% 2-2 
composite thereof, from 20 to 70° 
Based on the data obtained from the low-resolution laboratory XRD measurements, the (111) and (200) reflections 
were selected for further investigation by high-resolution XRD at the SPring8 Synchrotron source. Figure 4.4 depicts the 
(111) and (200) reflections of a 10% 2-2 composite of BNT-BT-KNN/BNT-BT across the sample, wherein the peak 
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intensity is shown with a color map. The data collection began 0.3 mm from the top edge of the sample, and covered 1.6 
mm of the sample, thereby encompassing both the seed/matrix interfaces. The spot size for each measurement was 10 µm 
x 10 µm, and was collected every 20 µm. These XRD patterns were analyzed in more detail in Figure 4.5 and Figure 4.6.  
 
Figure 4.4: Dependence of diffraction profiles on position in BNT-6BT-3KNN/BNT-7BT 10% 2-2 
composite at the (111) and (200) reflections, the red region from 990 - 1220 µm indicating the seed and 
the blue regions from 330 -990 and 1220 -1920 µm indicating the matrix components of the composite 
In the seed region, at 1100 µm a shoulder at lower angles is apparent in both the (111) and (200) reflections. A 
similar diffraction pattern occurs at 1120 µm, precisely the center of the sample, with the shoulder of the (111) reflection 
increasing in intensity. The splitting of (111) and (200) peaks at 1120 µm points to the presence of a mixed 
rhombohedral/tetragonal phase. However, the diffraction pattern within the seed region is inhomogeneous. At 1140 µm, 
(111) reflection is broad and asymmetric in intensity, while the (200) reflection has shifted to a lower angle, with only a 
small shoulder visible for higher angles. This points to a predominantly rhombohedral phase at 1140 µm, whereas the broad 
(200) reflection at 1100 and 1120 µm can be interpreted as a superposition of the three reflections expected at this position 
for an orthorhombic phase. The low angle shoulder seen in the (111) peak at 1100 and 1120 µm further supports this 
hypothesis.  
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The XRD patterns of the matrix region are also inhomogeneous. For instance, there is a large difference in 
diffraction patterns at 500 and 520 µm: e.g., the (200) reflection at 500 µm has a broad shoulder at lower angles, which at 
520 µm is reduced in intensity by over 50%. The reduced splitting of the (200) peak at 520 µm points to the reduced 
presence of the tetragonal phase and a more predominant rhombohedral phase.  
 
Figure 4.5: Normalized intensity of (111) and (200) reflections of 10% BNT-BT-KNN/BNT-7BT 2-2 
composite in diffraction patterns of the matrix region at 500 and 520 µm, and the seed region at 1100, 
1120 and 1140 µm of the 10% 2-2 BNT-BT-KNN/BNT-BT composite 
In Figure 4.6, XRD reflections at the seed/matrix interface are shown, from 900 to 1040 µm, allowing a more 
detailed examination of the influence of co-sintering on the crystal structure of the composite. At 900 µm, the (111) 
reflection is broad, and this continues to be the case until 1020 µm, where a single (111) reflection dominates the diffraction 
pattern at both 1020 µm and 1040 µm. However, significant beak broadening can be observed in the (111) reflection at 
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980 µm. The (111) reflection at 1000 µm has a small shoulder at a lower angle and a predominant peak at a higher angle. 
In general, the FWHM of the (111) reflection narrows as the interface region is approached, and a shift to higher angles 
can be observed, the former indicative of a higher long-range order and the latter indicating a reduced lattice constant as 
the seed region is approached. The (200) reflection is generally much broader than the (111) reflection, particularly in the 
region of 900 to 940 µm. A tetragonal structure has 2 peaks in the (200) reflection, while an orthorhombic structure has 3, 
and the rhombohedral phase has 1. Therefore, this region can be interpreted as having a mixed phase composition, including 
an orthorhombic phase. There is a large peak at higher angles, and a broad reflection at lower angles. The larger peak 
observed at higher angles may therefore be a superposition of the higher angle orthorhombic and tetragonal reflections. 
The shoulder at lower angles diminish in intensity at 940 µm, but reappear at 960 µm and increase in intensity up to 1040 
µm, where the lower angle peak has a higher intensity than the higher angle peak. The reduction in intensity of the peaks 
at lower angles implies a reduction of the orthorhombic phases at 940 µm. At 1020 and 1040 µm, the increased intensity 
of the lower angle (200) reflections imply a more dominant tetragonal phase.  Changes in the FWHM can also be an 
indication of a change in microstrain and/or crystallite size. Both of these phenomena will be discussed in Chapter 5. 
Several areas of discontinuity can also be observed, which are apparent in both the normalized and unnormalized intensity 
values. These may be attributed to inhomogeneities in the composition and crystal structure of the composite at a smaller 
length scale than can be discerned continuously with the beam size used in this investigation.  
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Figure 4.6: Normalized intensity of (111) and (200) reflections of 10% BNT-BT-KNN/BNT-7BT 2-2 
composite analysis in the interface region of 900-1040 µm of the 10% 2-2 BNT-BT-KNN/BNT-BT 
composite 
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Further investigations of the crystal structure in the BNT-BT-KNN/BNT-BT 2-2 composite system were 
performed by examining a 20% BNT-BT sample. The diffraction patterns across the full spectrum from 20° to 90° collected 
every 300 µm are shown in Figure 4.7. In comparison to the diffraction pattern of the pure BNT-6BT-3KNN, in the matrix 
region the (111), (200), and (220) reflections are broader and have shoulders either to the right or left of the primary peak, 
indicative of peak splitting. This is particularly pronounced in the (200) reflection, similar to observations in the 10% BNT-
BT composite (see Figure 4.3). 
In Figure 4.7(a), the XRD patterns across the sample for the full spectrum from 20° to 90° are shown. Comparing 
the seed region of the composite to the pure BNT-7BT diffraction pattern, the (111) and (200) reflections are split in the 
composite and singlets in the freely sintered constituent. The two diffraction patterns in the seed region are not identical: 
the (110) reflection at 900 µm has a lower shoulder at higher angles, whereas at 1200 µm a double (110) peak can be 
observed. In addition, the (200) reflection at 900 µm slopes downward to the left of the peak, while at 1200 µm the 
reflection is broad and uniform.  
A comparison between the freely sintered constituent and its respective component of the 2-2 composite is shown 
in Figure 4.8. As in the 10% composite, a peak splitting of the (200) reflection can be observed in the BNT-7BT region, 
whereas in the freely sintered BNT-7BT the (200) reflection is a singlet indicative of pseudocubic reflections. Furthermore, 
all peaks shift an average 0.4° to lower angles relative to the freely sintered constituent can also be observed for all peaks, 
indicative of an increased lattice constant.  
In the BNT-BT-KNN matrix region, the (111), (200), and (210) reflections all have split peaks, whereas the freely 
sintered matrix material has single peaks at these reflections. Such peak splitting appears to point to an increased 
rhombohedral phase in the composite matrix relative to the freely sintered constituent. Unfortunately, the noise associated 
with micro-XRD at this length scale makes it difficult to thoroughly ascertain the crystal structure. The (111) reflection 
must also be split for a rhombohedral phase to be present in the composite, and this reflection is not clear enough to make 
such an assertion. However, as will be shown in the next pages, high resolution XRD patterns obtained for the (111) and 
(200) reflection at the SPring8 Synchrotron point to a more complex, inhomogeneous crystal structure, with some regions 
showing clear peak splitting in the matrix phase that support the presence of a rhombohedral phase therein, and others 
showing a single (111) peak and a broad (200) peak indicative of an orthorhombic phase.  
From the refinements performed on the structure shown in Figure 4.7 (b)-(d), it is clear that in the seed region, the 
amount of tetragonal phase increases and the amount of rhombohedral phase decreases. This shift is less pronounced than 
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in the 10% composite, where an increase in 30% of the tetragonal phase was observed between the matrix to the seed, 
whereas in the 20% composite the increase in tetragonal phase is 20%. The lattice parameters of the tetragonal phase are 
noticeably larger in the seed region than in the matrix region, with an increase of 0.02 Å in the average value of the c and 
a lattice parameters. The c lattice parameters of the rhombohedral phase are smaller in the seed region than in the matrix 
region, dropping by 0.06 Å but increasing more gradually to the right of the seed layer. The a lattice parameter of the 
matrix increased gradually from 300 to 900 µm, but a sharp jump occurs at 1500 µm, where the second seed/matrix interface 
region is located. 
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Figure 4.8: Comparison of XRD of (a) BNT-7BT and (b) BNT-6BT-3KNN freely sintered and in the 20% 
2-2 composite thereof, from 20° to 70° 
To obtain more detailed diffraction data, the (111) and (200) peaks were evaluated at BL15 of the SPring8 
synchrotron source. The results of that investigation are shown in Figure 4.9. The measurement parameters were identical 
to those described for the 10% composite of this system.  
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Figure 4.9: Normalized intensity of (111) and (200) reflections of 10% BNT-BT-KNN/BNT-7BT 2-2 
composite in diffraction patterns of the matrix region at 500 and 520 µm, and the seed region at 1100, 
1120 and 1140 µm of the 10% 2-2 BNT-BT-KNN/BNT-BT composite 
In the majority of the matrix region, a single peak in the (111) reflection and a split (200) peak can be observed, 
characteristic of a tetragonal phase. There are, however, several areas in the bottom matrix region that shows (111) peak 
splitting, e.g., at 340 µm, 420 µm, and 600 - 660 µm. In those regions of the matrix phase that have a split (111) reflection, 
a mixed tetragonal and rhombohedral crystal structure can be assigned. The top matrix region differs in its diffraction 
pattern from the bottom matrix region. The inhomogeneity of crystal structure observed in the matrix phase may be 
attributed to a number of factors, including interdiffusion as well as inhomogeneity of internal stress distribution. In the 
regions of 780-880 µm and 1620-1820 µm, there are several areas of the sample where a triple peak can be observed in the 
(200) reflection. A strong (111) peak broadening can also be observed at the same positions. Such a diffraction pattern may 
be indicative of either a mixture of rhombohedral and tetragonal phases, or rhombohedral, tetragonal and orthorhombic 
phases. The bottom matrix region shows a significant shift of the (111) peak to lower angles and broadening of the (200) 
peak in two positions, from 420 – 500 µm and 620 – 740 µm.  
To examine the interface region more closely, several diffraction patterns in the matrix region and seed/matrix 
interface region are shown in Figure 4.10. At 560 µm, the (111) reflection has a shoulder at lower angles, and the (200) 
reflection has a sharp peak at 33.3° and a broad low angle shoulder. The broadness of the (200) reflection may be attributed 
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to an orthorhombic phase, in which the (111) peak also shifts to a lower angle, possibly associated with the shoulder 
observed at lower angles [174]. Therefore, at 560 µm it can be hypothesized that there is a mixed composition of 
orthorhombic and rhombohedral phases. The presence of a tetragonal phase cannot be excluded, however, because such a 
phase would result in a split (200) reflection that overlaps with the orthorhombic (200) reflection. As the interface is 
approached, the lower angle (200) reflections increase in intensity, possibly indicative of a more predominant orthorhombic 
fraction. A shift of the (111) and (200) peaks to lower angles can be observed at 960 µm, close to the seed/matrix interface. 
Such a shift to lower angles is indicative of a higher lattice constant. In addition, the (200) reflection at 960 µm has a 
pronounced sharp peak at 33.24° and a broad diffuse peak at lower angles This diffraction pattern may also be attributed 
to the presence of an orthorhombic phase. In Figure 4.7, the large-scale 300 um region examined from 600-900 um showed 
a similar splitting of the (200) peak, indicating that the average diffraction pattern for this region corresponds to the one 
observed using high resolution micro-XRD. In addition, the broad (100) and (110) peaks in this region, as shown in Figure 
4.7, further point to a mixed tetragonal and rhombohedral phase. However, orthorhombic crystal structures can also result 
in such a diffraction pattern, and a definitive statement on the absence thereof can therefore not be made. 
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Figure 4.10: Normalized intensity of (111) and (200) reflections of 20% BNT-BT-KNN/BNT-7BT 2-2 
composite from the bottom matrix region at 560, 660, 760, 960 and 1140 µm, with the deconvoluted 
peaks shown with a thin black line and the cumulative peak fit shown with a dotted orange line  
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Evidence of an orthorhombic phase evolving from co-sintering was found in 0-3 composites of BNT-BT-
KNN/BNT-BT by Schmitt et al. Because these results were not published, they are reproduced for reference in Figure 4.11. 
This orthorhombic fraction was not previously observed in freely sintered BNT-BT-KNN or BNT-BT and can be attributed 
to a high concentration of KNaNbO3, which is known to have an orthorhombic phase at 25 °C [94]. It is, therefore, likely 
that in the 2-2 composite, an accumulation of the KNN phase at the interface similarly results in the presence of an 
orthorhombic phase.  
 
Figure 4.11: TEM Bright-field image and associated phase definition of BNT-6BT-2KNN/10%BNT-6BT 0-
3 composite, obtained by ASTAR automated phase and orientation mapping. TEM results obtained by Dr. 
Ljubomira Schmitt, samples prepared by Dr. Claudia Groh in 2014, used with permission  
A direct comparison of lattice parameters in the freely sintered end members and equivalent component of the 
composite is shown in Table 3. The a lattice constant in the composite for both the seed and matrix is significantly larger 
than the freely sintered sample. The c lattice constant, on the other hand, increases for BNT-7BT relative to the freely 
sintered constituent. In the matrix region, however, only a slight increase is observed in the 10% composite. With 20% 
seed, a decrease in the c lattice constant occurs in the matrix. However, the c lattice constant is inhomogeneous throughout 
the matrix region.  
Previous work has shown that the (111) and (200) reflections appear to be singlets in bulk powder diffraction in 
pure BNT-BT-KNN and BNT-BT. This makes it challenging to distinguish the two constituents structurally because the 
bulk reflections provide a picture of the average local structure, which appears to be pseudocubic in both materials. The 
most notable difference observed between the two is a slight reduction of the a lattice parameter in BNT-BT-KNN [78]. 
However, the B-site in BNT-BT-KNN is shared between Ti (0.605 Å) and Nb (0.69 Å), resulting in an increased cp4bm 
lattice parameter in BNT-BT-KNN as compared to BNT-BT [78].  
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Table 3: Tetragonal Lattice parameters of BNT-7BT and BNT-6BT-3KNN, freely sintered and in 2-2 
composite 
 
One possible explanation for the changes in lattice parameter observed in the composites is chemical 
interdiffusion. The gradient in niobium and potassium content, albeit small, could result in migration of those species from 
the matrix into the seed region. Niobium, whose ionic radius is 0.785+ 4+[175], has a slightly larger ionic radius than the 
B-site cation of Ti4+ in BNT-BT, which could result in an increased lattice constant. Similarly, a reduction in the K content 
of the matrix region could result in a reduced lattice constant, as was observed in this work. Previous work in BNKT-BA 
has shown that increased K content results in an increase in the lattice parameter, or a shift of the peaks to lower angles 
[109]. The Ba content has also been shown to influence the crystal structure of BNT-BT-KNN, where the splitting of the 
(200) reflection and the c/a ratio showed a strong dependence on Ba content [176]. 
 A further explanation for changes in the lattice constant could be the presence of internal stresses: a tensile stress 
would result in expansion of the c and a lattice parameters, and a compressive stress would result in a decrease of the lattice 
parameters. A more in-depth discussion of internal stresses due to co-sintering will follow in Chapter 5.  
The formation of an orthorhombic phase due to diffusion of K and Nb from the matrix into the seed cannot be ruled 
out. The single peak (111) reflections and very broad (200) reflections that can be deconvoluted into multiple peaks at the 
interface regions correspond well to the reflections of an orthorhombic phase. The complete picture of crystal structures 
formed as a consequence of the composite is quite complex. It can be stated, however, that there is evidence of both lattice 
strain and possible new phases formed in the composite.  
 BNKT-6BA/BNT-7BT Composites 
Investigating chemical composition across the BNT-6BT-3KNN/BNT-7BT composites has proven very challenging 
due to the small chemical gradient between the seed and matrix phases, which are at the detection limit of standard EDS 
devices. Therefore, a model composite system was proposed with a higher chemical gradient between the seed and matrix. 
 BNT-6BT-
3KNN 
(free) 
BNT-6BT-3KNN 
(10% composite) 
BNT-6BT-3KNN  
(20%composite) 
BNT-7BT 
(free) 
BNT-7BT  
(10% composite) 
BNT-7BT  
(20% composite) 
a (Å) 3.886 5.522 5.512 3.90 5.5177 5.522 
c (Å) 3.930 3.938 3.922 3.91 3.9465 3.951 
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The system BNKT-6BA/BNT-7BT, where BNKT-6BA is the ER matrix, and BNT-BT is the NR seed, was used because 
it enables tracking of Al and K into the seed region and Ba into the matrix region. The matrix contains 11.5 mol% K and 6 
mol% Al, resulting in a higher gradient of the diffusing elements than in the BNT-6BT-3KNN system described above.  
 
Initial investigations of the influence of co-sintering were performed in 0-3 composites of BNKT-6BA/BNT-7BT 
using TEM and SAED to obtain information on the crystal structure at the granular length scale. These measurements were 
performed and analyzed by Dr. Leopoldo Molina-Luna and Dr. Michael Durrschnabel.  
The high angle annular dark field scanning transmission electron microscope (STEM HAADF) image of a 50% 0-
3 composite of BNKT-6BA/BNT-7BT is shown in Figure 4.12, along with the associated EDS spectra collected at 5 
positions from the image. Highlighted in red are the Al contents at position 2 and 4, which are both pores. The Al content 
in these pores is at least 2 times higher than the Al content collected at other spectra. It is interesting to note that the K 
content at these positions is also higher, however at point 5 the K spectra is also higher. Therefore, it can be assumed that 
at position 3, a grain that was originally the matrix material is located, and at position 1, a grain that was originally BNT-
7BT is located. From this image, it can be concluded that the presence of pores has an effect on the distribution of Al and 
K in the composites, serving as sinks for diffusing species and possibly forming new chemical phases within the composite.  
Figure 4.13 shows the TEM bright field images and diffraction patterns of two grains from the 50% 0-3 composite 
sample. These diffraction patterns provide an understanding of the change in lattice constants and crystalline phase due to 
interdiffusion between the seed and matrix. An analysis of the cubic reflections gives an a lattice constant of 3.9136 Å for 
both grains, while bulk XRD of pure BNKT-6BA and pure BNT-7BT give a value of 3.90, revealing a slight enlargement 
of the lattice constant. However, this difference in values falls within the order of the measurement error of reciprocal 
lattice space lengths from TEM diffraction. 
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Figure 4.12: (a) STEM-HAADF of BNKT-6BA/BNT-7BT 50% 0-3 composite (b) Table of Na, Al, K, Ti, Ba 
and Bi content at 5 points in the sample 
 Kim et al. have previously shown that BNKT-BA is characterized by superlattice spots in selected area diffraction 
patterns (SADP) indexed as ½ (eoo), which are generated from the in-phase octahedral tilt symmetry of the P4bm tetragonal 
space group [148]. In the same work, the presence of ½ (ooo) superlattice spots, (characteristic of a rhombohedral phase), 
was observed in BNKT-BA composites upon the addition of ferroelectric BNKT as a seed material. For the seed phase in 
this work, BNT-BT has previously been shown to have both ½ (ooo) and ½ (ooe) reflections, indicative of a mixed 
tetragonal and rhombohedral phase [177]. Therefore, the presence of rhombohedral reflections in the grains of the 0-3 
composite shown in Figure 4.13 can be attributed to the presence of BNT-7BT in the composite. 
An analysis of the rhombohedral reflections for both grains shows a significant difference in crystal structure, with 
grain 1 having a lattice constant of 1.14 Å and a lattice angle of 105˚, and grain 2 having a lattice constant of 1.21 Å and 
a lattice angle of 52˚. These lattice angle values suggest that the rhombohedral phase experiences high distortion from the 
cubic 90˚ angle in both grains. Pure BNT-BT should be predominantly tetragonal with a 90 ˚  angle, as was observed by 
Schmitt et al. in BNT-6BT [177]. Previous work on BNKT-BA has demonstrated a reduced distortion of the rhombohedral 
structure relative to BNKT [108]. Therefore, the high degree of rhombohedral distortion observed here can be attributed to 
the influence of the composite system on the crystal structure. 
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Figure 4.13: TEM bright-field images of BNKT-6BA/BNTBNT-7BT 50% composite. (a) Grain 1 (b) Grain 
2 (c) SAED pattern for Grain 1 (d) SAED pattern for Grain 2 with arrows indicating ½ (ooo) reflections 
 
To facilitate the investigation of interdiffusion, EDS of 2-2 composites was performed, as shown in Figure 4.14, 
specifically tracking the diffusion of Ba, K and Al between the matrix and seed layers. These measurements were performed 
and analyzed with the assistance of Dr. Leopoldo Molina-Luna and Dr. Michael Dürrschnabel. The use of SEM further 
enabled larger scan areas, making it easier to observe an average chemical interaction, whereas TEM investigations present 
much larger challenges to obtaining a statistical overview of the sample, as only a few grains can be investigated at a time. 
The nominal value of Al, 6 at. %, in the matrix is shown with a blue line across the top, and the approximate seed region 
is shown with a green rectangle in each graph, while the Ba content of the pure BNT-7BT seed is 7 at. %, the maximum of 
each graph. The Ba, Al and K concentrations were measured by collecting spectra in 10 points along a line parallel to the 
interface between seed and matrix and calculating the mean value and standard deviation for each line. A total of 50 lines 
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with a spacing of 50 µm were collected starting 50 µm from the top sample edge (at left in the figure). These results show 
that components of the matrix material diffuse throughout the seed material, as the presence of Al and K can be detected 
throughout the seed region. 
According to the theory of kinetics of materials, an error function can be fit to the composition across the 2-2 
composite: 
𝑐(𝑥) =
𝑐0
2
[𝑒𝑟𝑓 (
𝑥 + 𝑥01
4√𝐷𝑡
) − 𝑒𝑟𝑓 (
𝑥 − 𝑥02
4√𝐷𝑡
)] (4. 1) 
where 𝑐0 is the initial concentration of the element, 𝑥01 and 𝑥02 are the positions at which 𝑐(𝑥) = 𝑐0, and D is the diffusivity 
of the element [178]. Using the experimental values, the diffusivity for a given sintering time can can be determined, i.e. 
𝐷∗ = 𝐷𝑡. This equation functions as a model for diffusion where, for ease of calculation, constant diffusivity is assumed. 
This is clearly a simplification of the actual behavior of the chemical composition within the composite, as diffusivity is 
also strongly dependent on concentration, which changes with time as more diffusion takes place. However, this model 
suffices to provide insight into a relative measure of the difference in diffusivity between Al and K. 
 This analysis determined that the diffusivity of Al increased with increasing seed content, as shown in Figure 
4(f). The diffusivity of Al is nearly identical (within the error measurement) in the 30, 40, and 50% compositions of the 2-
2 composites. On the other hand, the diffusivity of K has a nonlinear relationship with seed content. The highest diffusivity, 
210,349  µm2, is observed in the 10% seed sample, and drops an order of magnitude to 20,729 µm2 at 20% seed. However, 
due to the noise in the 10% EDS signal, the fit of the error function for this sample is questionable. An increase in the K 
diffusivity can be observed with increasing seed content from 20 to 40% seed, but at 50% seed the diffusivity decreases to 
30,904 µm2. The diffusivity of K is an order of magnitude higher than the diffusivity of Al. 
Based on the strong fit to the error function of diffusivity, it can be assumed that diffusion of Al and K occurred 
through the bulk of the grain and not along grain boundaries. Further evidence of bulk diffusion requires more detailed 
TEM investigations due to the difficulties of resolving chemical composition by EDS-SEM in small grains (0.3-0.5 μm). 
Previous work in composites with BNKT-BA as an ergodic relaxor matrix with the use of BNKT-1.5BA was previously 
described by Lee et al. [2] and Jeong et al. [150]. Differing from the aforementioned works, in the present study a seed with 
BaTiO3 was used, and the presence of Ba was observed in the BNKT-BA matrix layer, which was not in the original matrix 
member.  
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Figure 4.14: Distribution of Al, K and Ba through the thickness of 2-2 composites with (a) 10% (b) 20% 
(c) 30% (d) 40% and (e) 50% seed content, as measured with EDS. The diffusivity constant of Al and K 
as a function of seed content is presented in (f) with a logarithmic scale on the Y axis. The nominal value 
of Al content is shown with a blue line across the top, and the nominal seed region is shown with a green 
rectangle in graphs (a) – (e), the nominal value of Ba content is 7% and the nominal value of K is 11%. 
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Micro-XRD was also utilized in this composite system to better understand the influence of co-sintering on the 
crystal structure. With the availability of compositional data presented in Figure 4.14, the correlation between composition 
and structure can be investigated with greater ease in the BNKT-BA/BNT-7BT system than the BNT-BT-KNN/BNT-BT 
system. The diffraction patterns collected across a 30% BNT-7BT 2-2 composite are shown in Figure 4.16, as well as the 
crystal structure determined through Rietveld refinement. The c and a lattice parameters for each position in the composite 
are shown, as well as the lattice distortion, which enables a comparison between the crystal structure of the freely sintered 
constituents and the composite. To further facilitate comparison of diffraction patterns between the freely sintered 
constituent and the composite, they are displayed together in Figure 4.15. 
The change in lattice parameters is shown in Figure 4.16 (b), based on a tetragonal structure used for Rietveld 
refinement, further tabulated in Table 4. Only a slight increase in the lattice constants of BNKT-6BA relative to the freely 
sintered constituent can be observed, particularly in the c lattice parameter value at 300, 600, 900, and 1200 µm. The a 
lattice parameter of BNKT-6BA is 3.93 Å, whereas in the composite system it ranges from 3.94 to 3.95 Å. The c lattice 
parameter of BNKT-6BA is 3.90 Å, and only a slight deviation in the composite BNKT-BA region can be observed, with 
an increase to 3.91 Å. Similarly, the a lattice parameter of BNT-7BT is 3.91 Å, which does not vary significantly from the 
value observed for the composite BNT-7BT region, although a nonuniform a lattice parameter is apparent in this region. 
However, a larger difference between freely sintered BNT-7BT (3.89 Å) and the composite component can be observed in 
the c lattice parameter of BNT-7BT (3.97 Å). In terms of diffraction patterns, the (200) reflection of the matrix phase 
transforms from a narrow peak at 46.5° with a slight shoulder at lower angles in the freely sintered constituent to a broader 
peak ranging from 45.5-47.0° in the composite. A similar phenomenon occurs in the (211) and (220) reflections. Such peak 
broadening can be indicative of an increased complexity of lattice site occupation that results in a larger variety of lattice 
parameters, observed as a broader set of angles over which the reflection of X-rays by the crystal planes can be detected.  
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Figure 4.15: Comparison of XRD patterns of freely sintered BNKT-6BA and BNT-7BT and inside the 30% 
2-2 composite at 100-200 µm and 1000-1200 µm respectively, collected from 20°-70° 
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To understand the variation in lattice parameter from the freely sintered constituents from the composites, the 
influence of interdiffusion should be taken into account. In BNT-7BT, the A-site cations are Bi3+, Na+, and Ba2+, and the 
B-site cation is Ti4+. In BNKT-BA, the A-site cations with 12-fold oxygen coordination are Bi3+, Na+, and K+, and the B-
site cations with octahedral oxygen coordination are Al3+ and Ti4+. As K+ (1.64 Å [83]) and Al3+ (1.41 Å as extrapolated 
from [83]), in 12-fold coordination, differ in size from the A-site cation Ba2+ (1.75 Å) and the B-site cation Ti4+ (0.605 Å 
[83]), it is expected that the diffusion of these elements into the BNT-7BT region will also affect the crystal structure of 
that component. A reduced lattice constant is expected when the A-site of BNT-7BT is partially occupied by smaller A-
site cations. Therefore, a shift to higher angles would occur if Al3+ diffuses into the A-site of BNT-BT. Consideration 
should also be taken of the charges of the A-site substitutions as a result of interdiffusion. Ba has a 2+ valence, which is 
likely replaced by a K+ ion with 1+ valence. Although the two elements have very similar sizes, the lower charge of the K+ 
could result in charge compensation to retain charge neutrality through the formation of oxygen vacancies. Because oxygen 
acts as a shield from cation repulsion between A and B-site cations, an oxygen vacancy would reduce this shielding and 
cation repulsion would increase, resultantly expanding the lattice. Oxygen vacancies causing cation repulsion and lattice 
expansion has previously been shown in yttria stabilized zirconia by Kushima and Yildiz [179]. Lattice strain due to oxygen 
vacancy formation is well-documented in a number of ceramic materials, generally on the order of 0.1% lattice strain [180]. 
In the BNKT-6BA region where Ba2+ has diffused, it is expected to occupy the A-site, resulting in a larger lattice constant, 
as observed by the shift of all peaks to lower angles. 
The influence of Al interdiffusion on crystal structure is difficult to discern from Rietveld refinement analysis. Al 
is unlikely to be positioned in the A-site, due to the large difference in both ionic radius and charge between Al and Ba or 
Bi. However, the likelihood that it substitutes Ti in the B-site is also low, because there is no concentration gradient to 
drive Ti4+ diffusion from the seed into the matrix, creating a B-site vacancy. The position of Al in this composite system 
was analyzed by NMR and will be discussed in further detail in the next section of this text.  
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Table 4: Tetragonal Lattice parameters of BNT-7BT and BNKT-6BA, freely sintered and in 2-2 composite 
 
Mechanical compression can also result in a change in lattice constant of the pseudocubic phase in BNT-7BT up 
to a critical stress, beyond which a transformation to long-range ferroelectrics order has been observed [76]. In nonergodic 
relaxors, such as BNT-7BT, the transformation results in a remanent strain, which corresponds to apparent changes in the 
crystal structure as observed by XRD. Specifically, the (222) peak shifts to lower 2θ angles below a coercive stress, 
indicating an increasing lattice spacing, while above that stress an irreversible phase transition from R3c to P4mm occurs 
[76]. Under compressive stresses alone, the BNT-7BT lattice parameters should reduce, and would result in a shift to higher 
angles under XRD. These observations provide evidence of the fact that the change in lattice spacing cannot be purely 
attributed to the stress state of the material. An in-depth analysis of the stress states in the 2-2 composites is presented in 
the next chapter.  
 BNKT-6BA (free) BNKT-6BA (composite) BNT-7BT (free) BNT-7BT (composite) 
a (Å) 3.93 3.95 3.91 3.89 
c (Å) 3.90 3.91 3.89 3.97 
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To better understand the influence of interdiffusion on the crystal structure, NMR spectroscopy enables an 
investigation of the coordination number of aluminum in the BNKT-BA/BNT-7BT composite system. This technique has 
been previously used for structural investigations of BNT-BT by tracking the spectra of quadrupolar perturbed 23Na NMR 
as a function of BT content, revealing that octahedral tilting was suppressed in BNT-BT with increasing BT content, [80], 
[181]. Octahedral tilting disorder was correlated to a higher chemical disorder and a stronger relaxor state as compared to 
the ferroelectric state. All NMR measurements reported in Section 4.4.4 were the work of Dr. Pedro Braga Groszewicz of 
TU Darmstadt’s Department of Chemistry. 
In this work, NMR was used to investigate the influence of the composite structure on the coordination of Na and 
Al. BNKT-6BA, BNT-7BT, and the 2-2 composites comprising 10, 20, 30, 40 and 50% BNT-7BT were examined. For 
this investigation, the entire 2-2 composite sample was crushed and measured, therefore no local measurements in the seed 
or matrix region are possible and all data presented in this section represent the NMR response for the entire sample. In 
Figure 4.17 (a), the NMR spectra of Na is shown for all the pure matrix material BNKT-6BA and the 10, 20, 30, 40 and 
50% 2-2 composites. No significant difference in the NMR spectra of Na could be observed in this work, therefore, a more 
detailed investigation of the NMR spectra of Al was pursued. 
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Figure 4.17: 23Na MAS NMR spectra of five 2-2 composite samples with varying seed content, followed by 
BNT-7BT (seed) and BNKT-6BA (matrix). (a) zoomed in at the central transition, (b) zoomed out to 
show the spinning sidebands envelope of the satellite transitions 
Pure BNKT-BA was analyzed and contrasted to the NMR spectra of Al in composites in Figure 4.18. A major 
component is observed at 9 ppm, (associated with AlO6, or B-site coordinated Al), as well as a small signal close to 65 
ppm, (associated with AlO4,). Because there is no site at which a cation can be tetrahedrally coordinating in a perovskite, 
the AlO4 signal is ascribed to a secondary phase. A similar NMR signal was observed in Bi2Al4O9, for which the signal at 
65 ppm was ascribed to tetrahedrally coordinated Al [182]. Therefore, the signal observed at the same position in this work 
may be ascribed to a secondary phase of Bi2Al4O9. However, this signal may also be associated with an Al-associated 
oxygen vacancy defect dipole. A-site Al has a chemical shift in the negative range [183], which was not observed for the 
materials studied. Therefore, it can be concluded that Al does not occupy the A-site in BNKT-6BA or the composites 
thereof. The relative ratio of AlO6 and AlO4 components can be determined by normalizing the spectra intensity with 
respect to the peak at 9 ppm, which corresponds to the AlO6 component. This major peak remains at the same position and 
exhibits the same shape for all samples investigated. One can observe that the relative intensity of the signal attributed to 
AlO4 sites decreases as a consequence of composite formation as shown in Figure 4.18 (b), in which the 50% seed 
composite shows a lower intensity of the peak at 65 ppm as compared to the pure matrix. This lower intensity points to 
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either a diminishing quantity of the secondary phase, or a reduction in the quantity of oxygen vacancies in the BNKT-BA 
region. From these results, it can be speculated that Al occupies both the B-site and a small amount of secondary phase in 
the pure matrix material. In the composites, with increasing seed content the amount of aluminum with the 65 ppm signal 
decreases, indicating that the secondary phase containing Al may be the primary source of Al diffusing from the matrix 
into the seed.  
  
Figure 4.18: (a) Central transition of 27Al MAS NMR spectrum (MAS 13 kHz – field 14.1 T). B-site Al, or 
Hexa-(AlO6) and A-site tetra-coordinated (AlO4) regions from -100 to 100 ppm. (b) The  27Al MAS NMR 
spectrum of the BNKT-6BA matrix and the 50% composite, highlighting the 65 ppm and 9 ppm signals 
In pure BNKT-6BA, the AlO4 corresponds to 6 % of the total aluminum content as shown in Figure 4.19 (a), 
whereas it corresponds to 3% of the aluminum content in the composite sample with 50% seed. The decrease of the relative 
intensity of the AlO4 with respect to the AlO6 signal occurs in a gradual manner with increasing seed content, as shown in 
Figure 4.19 (a). A secondary peak at 60 ppm can also be observed, which is normalized to the peak intensity at 65 ppm in 
Figure 4.19 (b). It can be observed that this shoulder increases in intensity with increasing seed content. Because it is 
associated with a tetrahedrally coordinated Al, it is not possible for this Al signal to be attributed to an Al occupancy in the 
perovskite, and instead appears to be a formation of an aluminate as a secondary phase that differs from the original 
100 50 0 -50 -100 100 50 0
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secondary phase found in the matrix material. It is possible that this new secondary phase corresponds to the accumulation 
of Bi, Al, and K in the pores as observed in Figure 4.12.  
 
Figure 4.19: 27Al MAS NMR spectrum (MAS 13 kHz – field 14.1 T). (a) AlO4 signal normalized to AlO6 
signal at 8.5ppm (b) AlO4 signal intensity normalized to signal at 68 ppm 
A closer look at the 9 ppm signal reveals an asymmetric shape with the presence of shoulders (Figure 4.20(a)). 
These features may correspond to the presence of different Al sites with overlapping signals in this region. As the signals 
attributed to Al in Bi2Al4O9 [182] and Al with AlO5 coordination in MgSiO3 [183] have been reported to occur in this 
region, it is important to analyze it with an NMR technique that offers a better resolution than simple 1D MAS NMR. 
Hence, four selected samples were analyzed with two-dimensional 3QMAS NMR, a method capable of resolving signals 
with different CQ parameters, (i.e., magnitudes of quadrupolar moments in response to an external magnetic field) (Figure 
4.20 (a)). These spectra clearly show the presence of two signals in this region. The more intense signal (Al61), located at 
9 ppm, is marked by a pronounced distribution of chemical shift (CS) values, as observed from its stretched shape along 
the CS diagonal line. The second signal (Al62) is present as a shoulder in the lower part of the 2D contour plots. Its maximum 
is located at 11 ppm in the MAS dimension, as a result of which it cannot be resolved from the Al61 in the 1D MAS NMR 
spectrum. Aided by the 3QMAS experiment, the isotropic value of the chemical shift is determined (Al62 δISO = 17 ppm). 
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Figure 4.20: Hexa-coordinated (AlO6) region of 27Al NMR spectra. (a): Central transition of 27Al MAS 
NMR spectrum (MAS 13 kHz – field 14.1 T) (b)-(e) 27Al 3QMAS NMR spectra of selected samples. Both 
Al61 and Al6¬2 are present in all four spectra. (b) BNKT-6BA (c) BNKT-6BA/20% BNT-7BT (d) BNKT-
6BA/30% BNT-7BT (e) BNKT-6BA/ 50% BNT-7BT 
The Al61 site presents a distribution of isometric chemical shift values δIISO and quadrupolar coupling magnitudes 
CQ. This may be an effect of mixed occupancy of the B-site by Al and Ti. In BNKT, the perovskite structure exhibits a 
network of corner-shared octahedra occupied by Ti. In a six-coordinated environment, Ti4+ (0.65 Å) has a larger ionic 
radius than Al3+ (0.54 Å). Therefore, the B-site of this titanate is too large to properly accommodate Al ions, as a 
consequence of which it could be statistically distributed between positions lying close to the center of the octahedra. 
An alternative explanation for the marked distribution of NMR parameters related to the local structure of the Al61 
site is based on the influence of the next-nearest neighbor on the size and shape of the oxygen octahedra. Their dimension 
should be the consequence of a distribution of sizes due to the shared occupancy of the A-site in BNKT. A similar effect 
was attributed to the distribution of local environments observed in 47,49Ti NMR spectra of the closely related BNT-xBT 
perovskites, where the A-site is occupied by Ba, Na and Bi [184]. The interdiffusion of Ba and K between seed and matrix 
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increases the variety of cation arrangements surrounding Al in the B-site and could result in an increased distribution of 
local structures as reflected by the distribution of NMR parameters for the Al61 site. 
An additional octahedral site, the Al62 site, is revealed only by employing 27Al 3QMAS NMR spectra, as its signal 
severely overlaps with that of the main Al61 component. There are several possible sources for this signal: unreacted 
aluminum oxide precursor, based on its isotropic value of chemical shift (δISO = 17 ppm), AlO5 sites associated with oxygen 
vacancies, or two distinct Al sites similar to observations of LaSrAlO4 [185].  
Each of the possibilities listed above are examined in more detail. Corundum, or unreacted Al2O3 is reported to 
have a chemical shift of 16 ppm and a CQ of 2.4 MHz, with an asymmetry parameter η=0 [186]. The line shape extracted 
from the 3QMAS spectra in the present material indicates a CQ of 4.5 MHz with η ≈ 1 for the Al62 site. The larger 
quadrupolar coupling constant and asymmetry parameter observed for this site makes it incompatible with the assignment 
to corundum. Another possibility is the presence of secondary phase Bi2Al4O9, whose NMR spectra has a peak at 58 and 
12 ppm. Because the secondary peak may also be associated with an Al-oxygen vacancy defects, 3QMAS cannot 
distinguish between the two possible sources of this signal: the oxygen vacancy defect dipole or the secondary phase of 
Bi2Al4O9.  
Combining the structural evidence from XRD measurements and the results of NMR, a clearer picture of the 
position of Al in BNKT-BA/BNT-7BT composites emerges. The c lattice parameter increases significantly in both the 
matrix and seed phases of the composites, as shown in Figure 4.16.. In BiAlO3, Al must have a charge of 3+ to retain 
charge neutrality in a perovskite structure, which is identical to the charge of Ti in a perovskite structure. However, the 
substitution of K+ into the A-site of BNT-BT as a replacement of diffusing Ba2+results in a lower total positive charge in 
the unit cell, which necessitates a compensating oxygen vacancy. NMR data has shown that the composite structure reduces 
the amount of initial AlO4 secondary phase. However, Al is unlikely to substitute the B-site occupied by Ti. An Al-occupied 
B-site means a smaller B-site cation than a Ti-occupied B-site, which would result in a smaller c lattice parameter.  
3QMAS NMR revealed a chemical shift in the 9ppm signal that can be attributed to a defect consisting of an 
octahedrally coordinated aluminum (AlO6) with an associated oxygen vacancy. This value of chemical shift was observed 
in all composites, indicating the presence of this defect no matter the seed content. In Table 4, it was shown that the c lattice 
parameter of BNKT-6BA was 3.90 in the freely sintered matrix and 3.95 in the composite, whereas BNT-7BT increased 
from 3.89 in the freely sintered sample to 3.97 in the composite. Because the associated Al-𝑉𝑂
∙∙ defect exists in the freely 
sintered matrix material, no change due to its presence will be observed in the matrix phase of the composite. However, 
diffusion of Al and K into BNT-7BT generates a K-𝑉𝑂
∙∙ defect dipole that increases the c lattice parameter, due to cation 
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repulsion as discussed above. Such a change in the lattice occupancy will also affect the nearest neighbors of Al in the B-
site, and its associated NMR signal at 9ppm, as was shown in Figure 4.20.  
From the above discussion, a comparison can be made between the lattice of the freely sintered constituent in 
Figure 4.21(c) and its respective component of the composite in Figure 4.21(d). BNT-7BT, when co-sintered with BNKT-
BA, develops a more complex perovskite structure. Initially it is a perovskite with a mixed A-site occupancy by Bi, Na and 
Ba, and a B-site occupancy of Ti as shown in Figure 4.21(a). In the composite, some of the BNT-BT region is likely to 
take on the composition shown in Figure 4.21(b), in which the A-site is also occupied by K and the B-site now has a mixed 
occupancy by Al and Ti.  
Previous reports on BiAlO4 have shown that the perovskite structure consists of B-site Al and A-site Bi [187]. 
However, in this work, NMR investigations have revealed that when combined with BNKT as a binary solid solution, Al 
occupies the B-site of the perovskite structure in pure BNKT-BA. As no reduction of octahedrally coordinated Al was 
observed by NMR, it appears that Al in the B-site remains stable, and is therefore still shown as a mixed occupancy of Al 
and Ti. Limited work is available on the structure of BNKT-BA beyond TEM measurements determining that it is a 
predominantly tetragonal structure in the unpoled state [188]. As a result, our investigations with NMR provide insight into 
the chemical structure of the perovskite lattice, as well as the formation of secondary phases in the composite structure. 
Given that K has a much higher diffusivity than Al, it appears that it is able to penetrate the lattice and enter the A-site of 
BNT-BT. On the other hand, due to its lower diffusivity, Al diffuses primarily from the secondary phase of Bi2Al4O9 in the 
matrix into a new secondary phase formed at the pores of the seed/matrix interface, and does not appear to affect the lattice 
structure of BNT-7BT.  
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Figure 4.21: (a) Proposed original tetragonal structure of BNT-7BT pure seed (b) Proposed final 
structure of seed region after interdiffusion, with Al4+ ion as interstitial in BNT-7BT lattice, Ti in the B-
site and Bi, Na, and Ba in the A-site, as well as diffused K in the A-site with A and B-site occupancy by Al 
based on NMR results (c) Proposed original tetragonal structure of BNKT-6BA pure matrix (d) Proposed 
final structure of matrix region after interdiffusion with Ba2+ in A-site 
 
Having demonstrated that interdiffusion occurs during sintering and influences the crystal structure, it is clear that 
this interaction can be manipulated by changing the sintering parameters. The variables during sintering that are controlled 
during sample fabrication include composition, temperature and time. In this work, the influence of sintering time was 
investigated in more detail by sintering 2-2 composites of 70% BNKT-6BA/ 30% BNT-7BT for 2 h, 6 h, 12 h and 24 h, 
and examining the chemical composition and crystal structure in these composites. The distribution of Al, K and Ba were 
tracked through the samples by SEM EDS, and the relative chemical content is shown as the intensity of the signals at 1.44 
eV (Al K), 3.312 (K K) and 4.465 eV (Ba L) normalized along the evaluated length of the sample. Only the interface 
region from 300 µm to 1800 µm was investigated by EDS. The quantities reported at each position are an average of 10 
EDS spot scans performed 50 µm apart in a line parallel to the interface. The error bars represent the standard deviation 
within those 10 scans. This study provided insight into the influence of sintering time on the chemical composition of the 
2-2 composite structure, the results of which are shown in Figure 4.22.  
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A comparison between the 2 h and 6 h sample reveals that the increase in Ba begins at 1000 µm in the 2 h sintered 
sample and at 900 µm in the 6 h sintered sample. In addition, the Ba content is more uniform throughout the 6 h sample as 
compared to the 2 h sample. Because the initial dimensions of the seed and matrix phase were identical in both samples 
before sintering, this difference in composition as a function of position can be attributed to an increased penetration of Ba 
into the matrix region. At 12 h sintering time, the maximum Ba content occurs at 1700 µm, and a sharp reduction can be 
observed at 1600 µm, followed by an increase at 1500 µm and a gradient in Ba content from 1500 to 1100 µm. In the 24 h 
sample, there is no significant difference in Ba content between the nominal seed and matrix regions, with maximum 
intensities occurring at 800 µm, 1300 µm, and 1600 µm. The Ba content therefore appears to homogenize only after 24 h 
of sintering.  
The diffusion from the matrix into the seed can be observed by tracking the K and Al content. The K content drops 
at 1200 µm in the 2 h sample, and at 1000 µm in the 6 h sample. In the 6 h sample a maximum of the K content can be 
observed at 1300 µm, which means that the nominally pure seed region has reduced in dimension due to an increased 
diffusion of elements from the matrix region. In the 12 and 24 h samples, the K content is constant throughout the 
investigated region. As was shown in Figure 4.14, the diffusivity of K is an order of magnitude higher than the diffusivity 
of Al. Therefore, increased sintering time is likely to result in complete diffusion of the K content from the matrix layers 
into the seed region, with a uniform distribution of the K content throughout the composite. At 12 h, the K intensity is 
uniform throughout the region investigated, whereas a gradient in the Al intensity can be observed from 1200 to 1700 µm. 
After 24 h of sintering, a gradient in Al content begins at 800 µm and extends to 1200 µm. From 1400 to 1700 µm no 
gradient in Al content can be observed, indicating that it has become uniform within the seed region.  
It is interesting to note that with increasing sintering time, the standard deviation in the K and Al content at each 
position reduces significantly. This means that the chemical composition is not homogeneous parallel to the interface at 
lower sintering times, but becomes more uniform with increasing sintering time not only between the seed and matrix 
region, but also within the matrix region itself. This is not surprising, as diffusion is a three-dimensional process, and 
increased diffusion is likely to result in increased homogeneity across the volume of the sample. However, Ba differs 
slightly from the time-dependent behavior of K and Al, in that the standard deviation of Ba content increases from 2 h to 
6 h sintering time. With further increases in sintering time, the standard deviation of Ba decreases in a manner that parallels 
the K and Al content. One possible explanation for this is that at 2 h of sintering, Ba has not had time to diffuse deep into 
the matrix region. Because, as stated above, diffusion is a three-dimensional process, the Ba content remains uniform at 
lower sintering times. This implies that Ba has a lower diffusivity than K and Al. Because the largest possible concentration 
gradient lies between a pore and a grain, it is also possible that increased sintering time enables diffusion parallel to the 
   
97 
 
interface into pores. This would explain the inhomogeneous distribution of Ba in the 6 h sample, in which Ba is able to 
diffuse into pores as well as into the matrix region. However, with further sintering time, the composition within pores and 
grains is likely to become more homogeneous.  
 
Figure 4.22: Al (black squares), K (open squares) and Ba (red circles) content shown as normalized 
intensity of EDS signals in BNKT–BA/ 50% BNT-7BT 2-2 composites as a function of position in samples 
sintered for 2 h, 6 h, 12 h,  and 24 h. The dashed green line represents the interface between the seed 
and matrix before sintering, and the blue and red squares over the x-axis represent the seed and matrix 
region before sintering. The error bars for the K content are shown as dotted lines to distinguish from the 
Al content error, which is shown with a solid black line. 
From these results. it can be stated that with higher sintering time, the Ba content is depleted from the seed region 
as it diffuses into the matrix region. These results indicate that control of diffusion by sintering time can enable a tailoring 
of chemical composition across the composite. The influence thereof on electromechanical properties will be discussed in 
depth in Chapter 6. 
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The investigation of chemical composition can be correlated to crystal structure through micro-XRD examination 
of the samples as a function of position. Local micro-XRD measurement with a spatial resolution of 300 µm was used to 
determine the full range diffraction pattern from 20 to 70° every 100 µm across the full sample. This was followed by a 
high resolution XRD investigation of the (111) and (200) reflections across the seed/matrix interface. 
In Figure 4.23, it can be discerned that the (200) reflection has increased peak splitting with increasing sintering 
time, particularly in the seed region. Surprisingly, even after 24 h of sintering, the crystal structure is not homogeneous 
through the sample. This may be due to other factors influencing crystal structure such as internal stresses. In particular, 
intergranular stresses will  are likely to increase with lower grain size and it is expected that a longer sintering time will 
result in increased grain size. In the 24 h sample, the (200) reflection has a FWHM of 1° throughout the sample, whereas 
at 2 h the FWHM ranges from 0.5° to 1°. This peak broadening with sintering time is indicative of a tetragonal phase, 
characterized by a split (200) peak and a single (111) reflection. Corroboration of a tetragonal phase should be found in 
splitting of the (100), (110) and (211) peaks, as well as a single peak in the (111) reflection. The (111) reflection is clearly 
singular, however it is difficult to distinguish peak splitting in the (100) reflection beyond a slight increase in FWHM from 
1.3 ° at 2 h to 1.7° (2) at 24 h. The (110) reflection clearly has peak splitting at 1600 µm and 800 µm, which is the interface 
region, further supporting the presence of an expanded region of tetragonal phase with increased sintering time.  
In Figure 4.24 (a), the lattice parameters are shown as determined from Rietveld refinement of the diffraction 
patterns shown in Figure 4.23. The a lattice parameter of freely sintered BNT-7BT is 3.883 Å, shown as a solid red line, 
and the c lattice parameter thereof is 3.889 Å, shown as a red dashed line. The lattice parameters for the composite at each 
sintering time are shown separately as a function of position. From 2 h to 12 h, the increase in sintering time results in a 
decreased lattice constant throughout the composite. At 24 h sintering time, an increase in the a and c lattice parameters is 
apparent. The influence of sintering time on lattice parameters in this work is, however, complex and nonlinear. Figure 
4.24 (b) and (c) shows the lattice parameters of the seed at 700 µm and matrix regions at 300 µm, respectively as a function 
of sintering time. In the seed region, the a lattice parameter decreases with increasing sintering time. This may be attributed 
to increasing substitution of Ba with K, as discussed above. An increase in the c lattice parameter of the seed region is 
observed from 3.89 Å at 2 h to 3.96 Å at 6 h sintering time. However, with increasing sintering time to 12 h the c lattice 
parameter falls to 3.895 Å, and remains at that value in the 24 h sintered sample.  
At 2 h sintering time, the a lattice parameter of the seed region is higher than the pure seed. With higher sintering 
times, however, a drop of the a lattice parameter to below that of the pure seed can be observed. Increased cation repulsion 
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is expected if K replaces Ba, as a consequence of the formation of oxygen vacancies, thereby increasing the a lattice 
parameter. However, the reduced a lattice parameter cannot be explained by cation repulsion, but may be caused by internal 
stresses, which will be examined in more detail in Chapter 5. 
In Figure 4.24 (c), the lattice parameters of the matrix region are shown and compared to the a and c lattice 
parameters of the pure freely sintered BNKT-BA, which are shown in the blue dashed and solid lines respectively. It is 
clear that the a lattice parameter of the BNKT-BA region in the composite is well below that of the freely sintered matrix, 
(3.9 Å), no matter the sintering time. The c lattice parameter of the composite is below that of the freely sintered matrix 
material at 2 and 12 h. When sintered for 6 and 24 h, however, the c lattice parameter of BNKT-BA is higher than the 
freely sintered constituent.  
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In the matrix, the presence of Ba2+ as an A-site substitution for K is not expected to increase the lattice constant of 
the matrix region due to the similarity in ionic radii between K+ and Ba2+. It is important to bear in mind that the lattice 
parameters are affected by a number of factors in addition to diffusion, including grain growth, porosity, and residual 
stresses. All of these factors are also affected by an increased sintering time. In Ba(Zn1/3Ta2/3)O3 it was shown that sintering 
time and temperature influence the order of the Zn and Ta B-site cation, thereby affecting the XRD reflection profiles 
[189]. Simultaneously, a strong influence of sintering conditions on grain size was also observed. It is well known that as 
a ceramic increases in grain size, the surface to volume ratio of an individual grain decreases [190]. The resultant internal 
stress may compress the lattice, resulting in reduced lattice parameters. Uchino et al. showed that particle size has a 
pronounced effect on the tetragonality, or c/a ratio, of BT [191]. Frey et al. further investigated the influence of 
microstructure on crystalline phases in BT in sintered ceramics, and showed that with increasing grain size from 0.035 to 
0.1 µm, room-temperature XRD profiles and Raman spectra exhibited a transition from a cubic to a tetragonal phase [192]. 
The influence of grain size on lattice parameters has also been observed in more complex perovskites, such as calcium 
bismuth niobate (CaBi2Nb2O9, CBN), in which the a and c lattice parameters increased with increasing grain size [193]. 
The grain size was controlled by sintering parameters such as heating rate, holding time and holding temperature. In terms 
of internal stress, the presence thereof in laminate structures is well-established and will be discussed in detail in Chapter 
5, as well as its potential influence on crystal structure.  
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A more detailed examination of the (111) and (200) reflections for the 2 h, 6 h and 24 h sintered samples at the 
seed/matrix interface was performed with high-resolution micro-XRD at SPring8, shown in Figure 4.25. In the 2 h sample, 
the (111) reflection exhibits several changes as a function of position and sintering time, including peak angle position and 
extent of peak splitting. A slight shoulder in the (111) reflection accompanied by a single (200) reflection as observed over 
most of the 2 h sample is indicative of a rhombohedral symmetry in the matrix region of the composite. In the seed region, 
from 1250 to 1350 µm, the (111) peak shifts from 25.62° to 25.56°. In the same region, the (200) reflection is a single peak 
at 1150 µm and 1200 µm, but a shoulder begins to emerge at 1300 µm, and a clear peak splitting can be observed 1400 µm 
into the sample.  
The crystal structure should be discussed in light of the chemical composition data presented in Figure 4.22. In the 
2 h sample, from 1100 to 1400 µm, the (111) peak shifts gradually to a lower angle, and the (200) reflection decreases in 
FWHM. This region corresponds to the region shown in Figure 4.22 for the 2 h sample in which an interdiffusion region 
where a gradient of the Ba, K and Al content was apparent. Shifts to a lower lattice constant indicate an increase in lattice 
parameters, likely due to the diffusion of Ba into the matrix and substituting the smaller K+ ion in the A-site. 
Comparing the position of the (111) peak maximum as a function of position, in both the 2 h and 6 h sample, a shift 
to lower angles can be observed. At 1150 µm, the (111) peak position is 25.653°, and at 1600 µm, it has shifted to 25.56°. 
This corresponds to the change in chemical content over the same region, shows a gradient in Al, Ba and K content from 
900 to 1700 µm, (see Figure 4.22). Splitting of the (200) reflection occurs throughout the sample, whereas in the 2 h sample 
the splitting begins at 1400 µm. Increased sintering time results in increased peak splitting of the (200) reflection as well, 
indicating the presence of a mixed tetragonal/rhombohedral phase in the matrix region of the composite.  
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Figure 4.25: (111) and (200) reflections across the seed /matrix interface in BNKT-6BA/BNT-7BT 30% 
2-2 composite, the red region from 450 – 650 µm indicating the seed and the blue regions from 0-350 
µm indicating the matrix components of the composite. Each reflection was collected using a beam size of 
50 µm x 200 µm, every 50 µm along the length of the sample, parallel to the interface. Only one 
interface was examined. 
In the 24 h sample, a shoulder in the (111) reflection is apparent in the seed region from 1150-1300 µm, closer to 
the nominal seed/matrix interface than in the 2 and 6 h samples. In addition, the (111) peak maximum shifts from 25.64° 
at 1150 µm to 25.6° at 1200 µm. This shift is much smaller than the one observed in the 2 h sample. Therefore, a longer 
sintering time results in a more homogeneous distribution of lattice parameters, corroborating the conclusions drawn from 
Figure 4.24. Peak splitting of the (200) reflection occurs throughout the 24 h sample, similar to the 6 h sample. However, 
there is a notable difference in the (200) reflections of the 6 h and 24 h samples: in the 6 h sample, the lower angle peak 
has higher intensity than the higher angle peak, and this is reversed in the 24 h sample at 1150 µm and 1200 µm. 
Nevertheless, throughout the 24 h sample, a tetragonal crystal structure is predominant. The difference in relative intensities 
of the peaks in the (200) reflection may have a few different causes. A higher intensity at lower angles, as seen in the 6 h 
sample, may be due to a higher presence of the rhombohedral phase, whose (200) reflection occurs at an angle between the 
(200) and (002) reflections of the tetragonal phase. On the other hand, the 24 h sample shows a higher relative intensity in 
the higher angles of the (200) reflection. This may be due to a higher relative proportion of the tetragonal phase with a 
reduced lattice constant relative to the 2 h and 6 h samples. However, as shown in Figure 4.24, the refinement did not reveal 
lower lattice parameters after 24 h of sintering.  
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As a general observation, the FWHM of the (111) reflection decreases from 0.16 at 2 h to 0.11 at 24 h in the seed 
region at both 1150 and 1200 µm. Sintering time does not seem to affect the peak position of the (111) reflection 
significantly, as all peaks fall within 0.02° of each other. The reduction of the FWHM with sintering time implies a reduced 
dispersion of lattice constants, meaning that the lattice structure becomes more uniform with increasing sintering time 
[174]. An increase in the uniformity of chemical composition results in an increase in the long-range chemical order of a 
system. Such a long-range order can be detected by XRD through a reduction in the FWHM. When the long-range order 
of a relaxor is disrupted, it becomes ergodic. Therefore, it appears that increased sintering time will increase the long-range 
order of the composite, and as a consequence, its ferroelectric response will become nonergodic. Further evidence thereof 
is shown in Chapter 6.  
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 Summary 
In this chapter, the influence of co-sintering on chemical composition and crystal structure in lead-free ferroelectric 
composite systems was presented. Two composite systems were investigated: BNT-6BT-3KNN/BNT-7BT and BNKT-
6BA/BNT-7BT. The former was selected because of previous work showing that it has an electromechanical response 
comparable to PZT. The influence of co-sintering on crystal structure was investigated by micro-XRD, which revealed 
changes in diffraction patterns that are indicative of the formation of an orthorhombic phase at the interface of the seed and 
matrix, possibly due to diffusion of K and Nb.  
However, investigations of chemical interaction are limited by the challenges of measuring interdiffusion under very 
low concentration gradients. Therefore, the BNKT-6BA/BNT-7BT system was used as a model system in which a larger 
concentration gradient enabled the investigation of both chemical composition and crystal structure as a function of 
composition and sintering parameters. This investigation revealed significant nonuniformity in the structure found in 0-3 
composites. A more exhaustive investigation of chemical and structural changes was performed in 2-2 composites. 
Interdiffusion of Al, K, and Ba were shown between the seed and matrix layers. The diffusivity of these species was highly 
dependent on the seed content. The interdiffusion was shown to correspond to changes in crystal structure and lattice 
parameter. These interactions were further investigated through a sintering study in the same system, which revealed that 
sintering time had a profound effect on both composition and structure, with increasing sintering time resulting in increased 
long-range chemical order. 
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5. Internal Stresses in 2-2 Composites and Influences on Microstructure and 
Electromechanical Behavior  
 Introduction 
The previous chapter provided evidence for the influence of co-sintering on chemical and crystal structure in lead-
free composite systems. However, interactions between composite constituents are not limited to interdiffusion. The 
inherent differences in sintering behavior, thermal expansion coefficients and electromechanical properties of the 
composite constituents are bound to result in internal stresses, and an understanding thereof is essential to the tailoring of 
composite systems for optimization of piezoelectric response. To that end, 2-2 composites were utilized as an experimental 
model of the distribution of stress in this work. 0-3 composites are influenced by a stress state with far greater complexity 
than the 2-2 system in which in-plane axial stresses predominate. Therefore, for this work, the investigation of the influence 
of stress is limited to 2-2 composites.  
 The contributions to internal stress investigated in this chapter are the following: 
Residual Stresses from Differences in Sintering Shrinkage 
Dilatometry measurements of calcined powder were performed, and the shrinkage during sintering is compared 
in order to determine the stress experienced by each component of the composite during processing. To date, the effects of 
co-sintering on ferroelectric composites have not been exhaustively investigated, despite the large body of evidence 
indicating significant internal stresses in laminate structures [44], [141], [151], [194]. Stresses during sintering are also 
known to affect the microstructure of ceramics [3], [195], [196], and resultant changes in porosity and grain size have been 
shown to affect the electromechanical response of, e.g., PZT, [156]. Therefore, the effect of the determined stresses on 
microstructure in 2-2 composites of BNT-based ferroelectrics is evaluated through SEM and light microscopy image 
analysis. The standard definition of sintering stress is the ratio of particle surface tension to average particle radius, used 
to describe densification processes in ceramics. In this work, the term sintering stress is instead used to discuss the residual 
stresses that arise during co-sintering, specifically during densification of composite components with differing sintering 
trajectories. 
Thermal Stresses due to Differences in Coefficients of Thermal Expansion (CTE) in the Sintered Bodies 
The differences in CTE will result in residual stresses in the sintered body prior to application of external fields. 
Mechanical stress can induce ferroelastic switching when it exceeds the coercive stress of the material, as shown in BNT-
BT [197], [198]. This will affect the piezoelectric response of the material as well. A determination of the internal stress 
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due to differences in CTE is presented. Evidence of internal stresses due to CTE is shown through the analysis of crack 
propagation induced through Vickers indentation.  
Crystal Structure 
To elucidate the atomistic mechanisms behind the influence of mechanical stress, an in-situ XRD investigation 
during application of compressive stress was performed in which the crystal structure of BNT-BT-KNN and BNT-BT are 
investigated. This data is compared to the diffraction patterns obtained by local micro-XRD in the 2-2 composites as 
described in Chapter 1.  
Influence of Stress on Mechanical Properties 
The influence of mechanical stress on elastic properties has been observed in soft PZT during uniaxial load and 
unloading, which revealed a nonlinear increase and decrease of the elastic modulus, similar to the course of the ferroelastic 
stress-strain curve [42]. In this work, the influence of applied mechanical stress on the elastic modulus is examined for 
BNT-7BT and compared to the mechanical properties of BNT-7BT in a 2-2 composite structure obtained through a 
nanoindentation study. The changes in mechanical properties of the composite relative to the freely sintered constituents 
are considered in light of mechanical stresses, changes in microstructure, and changes in composition. However, it is 
important to note that the external applied stress in most investigations is uniaxial, whereas the residual stress state in the 
2-2 composites is in-plane biaxial, rendering direct comparison of the effect of mechanical stress challenging.  
Mechanical Stresses due to Differences in Field-Induced Strain Mechanisms such as Piezoelectric Response and 
Relaxor-to-Ferroelectric Transitions 
Under an applied field, a difference in the large signal transverse piezoelectric coefficient 𝑑31
∗  will result in stresses 
parallel to the applied field in-plane with the interface in 2-2 composites. These stresses are calculated, and considered in 
light of strain mapping attained from tracking displacement at the micrometer scale with the help of digital image 
correlation during applied electric fields in 2-2 composites.  
The first part of this chapter discusses the formation of residual stresses as a consequence of the processing of 
ceramic/ceramic composites in the final sintered body. It is well established that such residual stresses can have as much 
of an influence on the electromechanical behavior as externally applied stresses [199]–[201]. Therefore, the effect of 
external applied mechanical stress was evaluated for the properties listed below. 
Dielectric and Ferroelectric Response of the Pure Constituents 
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The dielectric response as a function of stress at 25 °C is shown for BNT-BT-KNN, and BNT-7BT. The 
polarization response of BNT-BT-KNN, BNKT-6BA, and BNT-7BT are evaluated as a function of applied compressive 
stress.  
 Methodology: Calculation of Internal Stresses 
In this chapter, a computational model developed by Chartier et al. is used to determine the internal stresses in 2-2 
composites [141]. Unless otherwise noted, the reference for the next few paragraphs is this work. This model was developed 
in order to calculate the stress due to differences in CTE in layered ceramics, but can be applied to the determination of 
stress states resulting from differences in elongation in response to a variety of stimuli. The first point in a laminate’s 
history at which such internal stresses are present is at the initiation of densification during sintering. If one of the 
components has densified prior to the other, it begins to act as a dense substrate during grain nucleation and growth of the 
second component [151]. The equation used for determining stress in the seed σS and matrix σM in a three-layer laminate 
structure as used in this study and is given below: 
 𝜎𝑆(𝑇) =
𝑌𝑆𝑌𝑀(𝜀𝑆(𝑇) − 𝜀𝑀(𝑇))
(1 − 𝑣)
ℎ𝑠
ℎ𝑀
2𝑌𝑆 
ℎ𝑠
ℎ𝑀
+ 𝑌𝑀
 (5. 1) 
𝜎𝑀(𝑇) = −2
𝜎𝑆 (𝑇)
ℎ𝑠
ℎ𝑀
⁄
(5. 2)               
where 𝑌𝑠  (𝐵𝑁𝑇 − 7𝐵𝑇) = 100 𝐺𝑃𝑎 [202], 𝑌𝑚 (𝐵𝑁𝐾𝑇 − 6𝐵𝐴) = 128 𝐺𝑃𝑎 [203], 𝑌𝑚(𝐵𝑁𝑇 − 6𝐵𝑇 − 3𝐾𝑁𝑁) =
115 𝐺𝑃𝑎 [202], 𝑣 is the Poisson ratio (0.33), (in this work as an approximation for most ceramic materials), 𝜀𝑆, 𝜀𝑀 are the 
thermal strains in the seed and matrix material at a specified temperature T, and hS and hM are the height of the seed and 
matrix layer, respectively. Because the density of the powders is similar, the weight ratio is treated as equivalent to the 
height ratio for these calculations. From the above equation, it is clear that the stress states are highly dependent on the 
proportion of matrix to seed material. It is important to note that this model assumes no interdiffusion between the layers 
during sintering, which was clearly shown to occur in Chapter 4 for the BNKT-BA/BNT-7BT composite.  
 Thermal Strains 
As discussed above, the determination of stress in the material requires the measurement of strain caused by 
differences in either thermal or piezoelectric expansion. A description of how these strains are determined follows below. 
The first stress state to be discussed is the stress during sintering due to differences in shrinkage of calcined powder. This 
stress has an influence on the microstructure formed during sintering. The second stress state is due to the difference in 
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CTE of the sintered bodies as they cool from the sintering temperature to room temperature. These stresses are present 
before the application of an electric field, and can affect the piezoelectric and dielectric behavior of the composite.  
 
 
Figure 5.1: Sintering trajectories of BNKT-6BA/BNT-7BT and BNT-6BT-3KNN/BNT-7BT composite 
system pure end member powder from 200 to 1100 °C at a constant heating rate of 5 °C/min 
The sintering trajectories for BNT-7BT and BNKT-6BA powder are shown in Figure 5.1. At 1100 °C, the sintering 
temperature used in this study, a much larger strain difference is observed between BNT-7BT and in the BNT-BT-KNN 
than the same material with BNKT-6BA. From 200 °C to 950 °C, the shrinkage of BNKT-6BA is higher than that of BNT-
7BT. This may in part be attributed to the high diffusivity of K and Al, as was shown in Figure 4.14. However, because 
neither component will have reached a densified state in that temperature range, the difference in shrinkage will not result 
in significant internal stresses during sintering. On the other hand, the increased density of both component above 1000 °C 
means that the component with a lower shrinkage rate (BNKT-6BA) can be treated as a rigid substrate that induces a 
constraint on the sintering of the component with the higher shrinkage rate (BNT-7BT).  
A schematic of the development of stresses due to differences in sintering shrinkage is shown in Figure 5.2. Before 
sintering, pressed layers of all starting powders are identical in dimension. At the sintering temperature, shrinkage of the 
matrix components, BNKT-6BA and BNT-6BT-3KNN, is lower than the shrinkage of the seed layer, BNT-7BT. Because 
the final cylinder is nearly uniform in diameter, the stress states in the matrix and seed layers of the two composite systems 
during sintering will differ significantly. The seed layer, in order to accommodate the lower shrinkage of the matrix layer, 
200 400 600 800 1000 1200
0
5
10
15
20
200 400 600 800 1000 1200
0
5
10
15
20
S
h
ri
n
k
a
g
e
 (
%
)
Temperature °C
 BNT-7BT
 BNKT-6BA
Tsintering
 BNT-7BT
 BNT-6BT-3KNN
Tsintering
   
112 
 
will experience tensile stresses. The matrix layer, in order to accommodate the relatively higher shrinkage of the seed layer, 
will experience compressive stresses.  
 
Figure 5.2: Schematic of internal stresses during sintering due to differences in shrinkage between seed 
and matrix layers. A dashed line represented the sample dimensions upon completion of sintering, where 
the matrix and seed layers are equal in diameter but with different residual stress states 
The sintering stress is calculated at each seed content using Equation 2.1, where the difference in strain at the 
sintering temperature of 1100 °C is used as the  (𝜀𝑆 − 𝜀𝑀)∆𝑇 variable. As shown in Figure 5.3, the stress state in BNT-BT-
KNN composites is four times higher than the BNKT-BA composites, because of the larger difference in shrinkage between 
BNT-BT-KNN and BNT-7BT. This is likely to have an impact on 0-3 composites as well. The compressive stress acting 
on the matrix material appears to increase with increasing seed content, whereas the tensile stress on the seed material 
decreases with increasing seed content. These stresses have a significant impact on the microstructure and can be optimized 
to tailor the microstructure by adjusting the temperature at which the sintering is held. Effects on the microstructure include 
changes in density, grain size, pore size and porosity. These have been shown to change as a consequence of applied 
mechanical stress during sintering, termed hot forging, [5], [204], as well as through stresses during constrained sintering 
of a ceramic on a dense substrate [140], [205]–[207]. Previous work on constrained sintering has shown stresses of 140 
MPa in BKT films with a thickness of 80 µm sintered on a rigid alumina substrates, as determined from shifts in the XRD 
reflections [201]. However, such calculations only provide information on residual stresses, and not the stresses extant 
during sintering. In-situ measurements of stress during constrained sintering of Gd-doped ceria have revealed tensile 
stresses up to 250 MPa [208]. One investigation on the constrained sintering of alumina thick films showed residual tensile 
stresses of up to 450 MPa [3]. The fact that the stresses calculated in this system are in the GPa range may be due to the 
assumption of a rigid substrate during sintering. However, as neither component has fully densified, the stresses are likely 
to be lower than those determined from the Chartier model. These results can nevertheless be used to understand the 
influence of such stresses on the microstructure of the composites. In addition, these calculations reveal that changing the 
sintering temperature and volume fraction of seed influences the stress state. This information can be used to manipulate 
the microstructure, as will be discussed in further detail shortly. 
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Figure 5.3: Internal stresses at sintering temperature in BNKT-BA/BNT-7BT composites and BNT-BT-
KNN/BNT-7BT composites, as a function of seed content.  
In Figure 5.4, the sintering stress in the matrix and seed layers of the composite as a function of temperature for 
the BNKT-BA and BNT-BT-KNN 2-2 composite systems is shown, as calculated with the Chartier model, using the 
difference in shrinkage between the two components as the thermal strain component of the equation. An optimal sintering 
temperature can be selected based on the data shown in this figure. Only temperatures above 900 °C are shown because 
below that temperature the degree of shrinkage is not sufficient for a fully densified ceramic of at least 90% relative density. 
If the intention is to reduce internal stresses during sintering and not change the microstructure as a consequence thereof, 
the optimal sintering temperature should have a zero-stress state. This can be found in BNKT-BA composites at 970 °C, 
1115 °C and 1187 °C. The temperature range between 1117 °C and 1187 °C has the lowest stress during sintering, i.e., 
below 1 GPa both in tension and compression. It is also possible to reverse the stress state during sintering by selecting a 
temperature where the seed is under compression and the matrix is under tension. This occurs between 900 and 975 °C, 
where the compressive stress would be -3 GPa in the seed and the tensile stress is 1.3 GPa in the matrix. Between 1120 
and 1190 °C, the same stress state occurs, with the seed in compression and the matrix in tension, this time at a lower stress 
of -0.72 GPa and 0.3 GPa respectively, which should result in a reduced change in microstructure relative to the freely 
sintered end members.  
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Figure 5.4: Sintering stresses as a function of temperature in each component of a 2-2 composite with 
30% seed content, with a BNKT-6BA/BNT-7BT composite shown on the left and a BNT-6BT-3KNN 
composite shown on the right, with the assumption of constant elastic modulus, Poisson ratio and layer 
dimensions in this temperature range 
In the BNT-BT-KNN system, a minimum stress state occurs at 1210 °C. Between 960 and 1150 °C, the internal 
stress of the matrix phase is above 2 GPa, and reaches 16 GPa at 1100 °C. It is likely that if the 2-2 composites were 
sintered in the latter temperature range a delamination would occur due to tensile stresses. This information is useful for 
selection of the sintering temperature, and can also be used to adjust the microstructure, namely porosity and grain size, 
without the application of external pressure during sintering.  
 
Evidence of the influence of the aforementioned stress on the microstructure was obtained in the BNKT-
6BA/BNT-7BT 2-2 composite system through an analysis of the granular and pore microstructure across the sample. The 
stresses formed due to differences in shrinkage rate are relaxed through mechanisms such as grain boundary diffusion, 
which in turn changes the microstructure of the composite relative to freely sintered end members [140], [208].  
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Figure 5.5: Light microscope image of 2-2 composite of BNKT-6BA/10% BNT-7BT, with a white line 
indicating the interface between the two constituents, sintered for 2 h at 1100 °C 
In Figure 5, a light microscope image of a 2-2 composite is shown, as a representative image of the difference in 
the porosity across the sample. It can be observed that the matrix BNKT-6BA regions have a high number of pores, and 
that the pore size is on the order of 1 µm. On the other hand, in the seed BNT-7BT region, the pores are between 3 and 10 
µm in diameter, and display a decreased circularity. The total porosity in this region is also substantially lower than in the 
matrix region.  
 
Figure 5.6: SEM micrographs of pure end members, BNT-7BT obtained with a beam of 15kV, BNT-6BT-
3KNN obtained at 6000x, with a beam of 15kV, BNKT-6BA obtained with a beam of 15kV. (Note the 
change of scale in BNKT-6BA). 
Representative SEM images of the freely sintered end members are shown in Figure 5.6. In Figure 5.7, 
representative SEM images of the granular microstructure in the 2-2 composites can be observed at the top, middle and 
bottom of the sample, where the top and bottom are the matrix phase and the middle is the seed phase. From Figure 5.6, 
the average grain size of the freely sintered BNT-7BT seed is determined to be 1.65 µm. The grain size of the central seed 
region in the BNKT-BA/BNT-BT 2-2 composite is well below this value, no matter the seed percentage. In contrast, the 
average grain size of freely sintered BNKT-6BA is 0.4 µm, from which a far smaller deviation can be observed in the 2-2 
composite. Details of the determination of grain and pore size are provided in the Experimental Methodology. 
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Figure 5.7: Representative SEM images of grain sizes across BNKT-6BA/BNT-7BT 2-2 composites at 
0.1mm, 1.2mm, and 2.3mm from the top of the sample (a)10% seed (b) 20% seed (c) 30% seed (d) 
40% seed (e) 50% seed 
A more quantitative analysis of the microstructure is presented in Figure 5.8. An increase in the pore size and 
reduction in the grain size is apparent in the inner seed layer of each composition. When considering the internal stresses 
due to the difference in shrinkage rate from 900-1100 °C, the seed is expected to experience tension in this temperature 
regime, while the matrix experiences compression. The average grain size at the center of the seed region size decreases 
from 0.33 μm in the 10% sample to 0.31 μm with 30% seed. In the 40 and 50% seed composites, the interface region is 
close to 0.32 μm, similar to the grain size at lower seed contents. However, the average grain size in the seed region is 
found to decrease to 0.27 and 0.26 μm, respectively. Decreasing grain size in the seed region implies an increase in 
compressive stress, or a reduction in tensile stress, with increasing seed content. The latter corresponds to predictions based 
on the Chartier model shown in Figure 5.3. 
In the matrix phase, the 30% composite has the highest grain size, 0.45 μm, whereas the 40% and 50% 
compositions have smaller grain sizes in the matrix phase (0.35 μm). This data also corresponds to the predictions shown 
in Figure 5.3, where the matrix phase experiences an increasing compressive stress with increasing seed content.  
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Figure 5.8: Quantitative Analysis of Microstructure in BNKT-6BA/BNT-7BT 2-2 Composites through 
Grain Size and Porosity 
 It is also noteworthy that in the 50% 2-2 composite, the grain size in the seed region has a sharp peak of 0.33 μm, 
and the remaining region of the seed has a much smaller grain size of approximately 0.1–0.2 μm. A similar phenomenon, 
albeit not as sharp, can be observed in the 40% 2-2 composite, where the seed region has a maximum grain size of 0.3 μm 
peaking in the center, with lower grain size of 0.15 μm on either side of 0.3 μm region. This indicates that the influence of 
co-sintering is not uniform through each layer.  
Across each sample, a large number of small pores (< 0.1 μm) were found in the matrix region, and a smaller 
number of very large pores were found in the seed region. In the 10% composite, a peak in the pore size can be observed 
at approximately 1400 μm across the sample, with a corresponding dip in the porosity in that region. The porosity of the 
seed region decreases with increasing seed content from 10% to 50%. This may also be connected to the fact that tensile 
stresses reduce with increasing seed content. The pore size of the seed region also decreases with increasing seed content 
from 10 to 30% seed, which is also easily correlated to the reduced tensile stress. However, at 40 and 50% seed, the pore 
size of the seed region increases substantially. 
The influence of the interdiffusion shown in Chapter 4 cannot be neglected in the discussion of microstructure. It 
was shown previously that a high concetration of Al and K was localized to the pores in the 0-3 composites. With this in 
mind, it is possible that increasing layer thickness influences the kinetics of diffusion. The reduction of pore number in the 
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10-30% composites can also be a consequence of increased diffusion between seed and matrix, because the interdiffusion 
range covers the complete seed region. At higher seed contents, the seed region is thicker and therefore larger than the total 
interdiffusion zone. As a result, pores are filled by diffusing species from the matrix region at only at the seed/matrix region 
interface. However, at the center of the seed region, the pores are not filled and undergo tension from sintering stresses, 
thereby expanding.  
Previous investigations using techniques such as hot forging have shown a reduction in grain size when a 
compressive stress is applied during sintering [5]. On the other hand, constrained sintering studies have shown an 
elongation of pores and grains, which was attributed to tensile stresses [195]. Therefore, the grain size appears to depend 
on several factors, including internal stresses, but a more complete picture of the mechanisms of grain growth must include 
the kinetics of this process, namely diffusion. Because of the concentration gradient between the seed and matrix layers, 
interdiffusion of Al and K may also affect the grain growth. It must be stated that the Chartier model assumes uniform 
distribution of in-plane biaxial stresses, whereas in reality constrained sintering results in inhomogeneous stress states 
across each layer [44]. The inhomogeneous grain size of the seed layer may be a consequence of the inhomogeneous 
concentration of Al and K in the seed region, as well as inhomogeneous stress states. Previous work has shown that the 
grain size and porosity of multilayers are strongly influenced by stresses arising from constrained sintering at the interface 
[151]. 
The influence of grain size has been observed very often in ferroelectrics [209], [210]. This size influence has 
been attributed to the influence of grain boundaries on domain wall motion under applied fields, where they act as pinning 
centers [65], [66]. The effect of reduced grain size improving the ferroelectric response was observed in BNT-6BT when 
comparing the polarization response with a grain size between 1 and 2.5 μm, where it was found that the highest remanent 
polarization was in the smallest grain size samples [212]. Therefore the influence of internal stress on microstructure can 
be used as a parameter for the tailoring of microstructure towards the optimization of electromechanical behavior.  
 
The determination of the residual stress state in the final sintered samples requires an understanding of the thermal 
contraction during cooling of already densified samples. For this purpose, the shrinkage from the sintering temperature to 
room temperature must be determined, as shown in Figure 5.9, and used to evaluate the CTE over that temperature range, 
shown in Figure 5.10. Each matrix material is shown in comparison to the seed material to facilitate discussion. This data 
is obtained from freely sintered constituents and is then used to determine the internal residual stress due to the differences 
in CTE.  
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Figure 5.9: Shrinkage as a function of temperature for BNT-7BT, BNKT-6BA and BNT-BT-3KNN, with 
BNT-7BT shown in both panels to facilitate comparison with the matrix material 
It can be observed that the difference in shrinkage between BNT-BT-KNN and BNT-7BT is several orders of 
magnitude higher than in the difference in shrinkage between BNKT-6BA and BNT-7BT. There is also a maximum at 300 
°C, meaning that an expansion occurs in the temperature range from 25 °C to 300 °C, instead of a contraction, during 
cooling. This may be attributed to a temperature-dependent phase transition from a cubic to a lower symmetry tetragonal 
and rhombohedral phase, as has been frequently observed in BNT-based relaxors [39], [213], [214]. 
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Figure 5.10: CTE as a function of temperature in BNT-7BT, BNKT-6BA and BNT-BT-3KNN, with BNT-
7BT shown in both panels to facilitate comparison with the matrix material, obtained from sintered 
samples heated to 1100 °C and then cooled. Only the cooling curve is shown. 
Using the Chartier model, the internal stresses in a 2-2 composite resulting from the difference in CTE can be 
determined. The results of this calculation are shown in Figure 5.11. At higher temperatures (T >500 °C), the BNT-7BT 
layer is in compression while the matrix BNKT-6BA and BNT-BT-KNN layers are in tension, a reversal of the stress states 
during sintering. However, from 470 °C to 25 °C, BNT-BT is under tension and BNT-BT-KNN is under compression. 
Because annealing is performed at 400 °C, the stress state predicted in this temperature range is likely to have a strong 
influence on the electromechanical response of composites.  
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Figure 5.11: Final stress state upon cooling from sintering temperature to room temperature in 2-2 
composites of BNT-7BT/BNKT-6BA and BNT-7BT/BNT-BT-3KNN as a function of temperature, at a seed 
content of 30% 
The difference in shrinkage results in an internal stress at room temperature that cannot be eliminated by 
annealing, as shown by the nonzero stress state in either layer of the composite in Figure 5.12. This provides evidence of 
the lack of equivalence between ER matrix materials in a composite, despite their similar electromechanical behavior. In a 
2-2 composite with BNKT-6BA, BNT-7BT is in compression, whereas in a composite with BNT-BT-KNN, it is in tension. 
Increasing seed content in the BNKT-6BA composite results in increased tensile stresses in the matrix and reduced 
compressive stresses in the seed. The structural data shown in Chapter 4 pointed to an increase in the lattice parameter of 
the matrix BNKT-BA region, indicative of tensile stresses, which corroborates the prediction of the Chartier model shown 
in Figure 5.11. 
On the other hand, in the BNT-BT-KNN composite, increasing the seed content reduces the tensile stresses in the 
seed layer and increases the compressive stresses in the matrix layer. This correlates to the structural data determined by 
micro-XRD in this composite system, (see Figure 4.4 and Figure 4.8), in which the lattice parameters of the seed region 
increased relative to the freely sintered constituent, indicative of a tensile stress, whereas the lattice parameters of the matrix 
region decreased, indicative of a compressive stress.  
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Figure 5.12: Final stress state upon cooling from sintering temperature to room temperature in 2-2 
composites of BNT-7BT/BNKT-6BA and BNT-7BT/BNT-BT-3KNN as a function of seed content 
 
To confirm the presence of residual stress, indentation methods are a useful method due to the influence of these 
stresses on crack propagation [215]. In ferroelectric ceramics, this influence is complicated by the fact that the internal 
stress generated by crack propagation can, upon exceeding the coercive stress, induce domain switching [216]. When such 
domain reorientation inhibits crack propagation, it is termed ferroelastic toughening [217]. The mechanism by which this 
toughening occurs is based on the fact that the process zone of a crack exerts a tensile stress sufficient to induce domain 
reorientation [218]. When the initial domain orientation is parallel to the crack, the mechanical stress at the crack process 
zone induces domain reorientation perpendicular to the crack. This reorientation results in compressive closure stress, 
which decreases the crack propagation [219]. On the other hand, when the domains along the crack are initially 
perpendicular to the crack, the tensile stresses from the crack process zone can not reorient the domains. Therefore, under 
Vickers indentation, the direction of longest crack propagation is indicative of domains oriented perpendicular to the crack.  
In the case of relaxor materials, domains can only be formed by stresses above the coercive stress. The internal 
stresses due to difference in CTE shown in Figure 5.12 will result in domains perpendicular to the crack in the x-direction. 
The crack propagation parallel to the interface is therefore expected to be shorter than the cracks perpendicular to the 
interface, as shown schematically in Figure 5.13 (b).  
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Figure 5.13: Schematic of Vickers indentation (a) in 2-2 composite (b) crack length parallel and 
perpendicular to interface between seed and matrix  
Vickers indentation was used to verify the stress state of each layer of the co-sintered multilayer. Figure 5.13 (a) 
shows a schematic of the 2-2 composite, with the approximate position of the indents and a coordinate system to guide the 
analysis of crack propagation. The 2b length is aligned perpendicular to the interface (y-axis), whereas the 2a length is 
parallel to the interface (x-axis). During testing, three indents were applied in each layer, with a minimum spacing of 700 
µm to avoid interactions between indents. Cracks emanating from the indent are approximately an order of magnitude 
shorter than the overall layer thickness, ensuring that the crack propagation did not extend into the next layer. Vickers 
indentation experiments were also performed on bulk unpoled BNT-7BT and BNKT-6BA end members.  
In Figure 5.14, the crack propagation from a Vickers indent in freely sintered BNKT-6BA, BNT-7BT and the 
respective layer of the 2-2 composite are shown. Table 5 summarizes the numerical values determined from Figure 5.14 - 
Figure 5.15. In the bulk end members, shown in the bottom row of Figure 5.14, the crack propagation is isotropic, meaning 
that the 2a and 2b crack lengths are approximately equal, i.e., a/b ≈ 1 for both samples. In the multilayer composite structure, 
however, a significant crack anisotropy is observed. In the BNKT-6BA layers, 2b is nearly 32 % longer than 2a. In contrast, 
the anisotropy is reversed in the BNT-7BT layer, with a horizontal crack length (2a) that is 59 % longer than the vertical 
direction (2b). This resulted in an a/b ratio of 0.68 in the BNKT-6BA layer and 2.45 in the BNT-7BT layer. The difference 
in anisotropy indicates a difference in stress states between the two layers, namely the BNKT-6BA layer is in tension, 
whereas the BNT-7BT layer is in compression.  
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Figure 5.14: Light microscope images of Vickers indents in 2-2 composites and pure end members for 
comparison in the BNKT-6BA/BNT-7BT composite system 
In Figure 5.15, a light microscope image of the Vickers indent and associated cracks on the compressed BNT-
7BT sample are shown, where it can be observed that the cracks parallel to the direction of compressive stress (2b) are 
longer than the cracks perpendicular to it (2a). The crack anisotropy a/b in mechanically compressed BNT-7BT is 0.76. 
This behavior is comparable to the crack propagation observed in the BNT-7BT region of the 2-2 composite, where 
compressive stress is parallel to the interface, and the crack propagation is also extended parallel to the interface in 
comparison to the cracks perpendicular to the interface, and the stress direction. It was shown by Schader et al. that the 
coercive stress of BNT-6BT is –335 MPa, meaning that an external applied stress resulted in a mechanically induced 
transition to long-range ferroelectric order [76]. This means that domains can coalesce from polar nanoregions found in 
relaxors as a result of the application of mechanical stress. These domains will be perpendicular to the direction of applied 
stress, i.e., oriented in the x-direction. As a result, crack propagation will induce 90° switching of the domains, resulting in 
compressive stress along the crack wake, which limits its propagation. This can be observed in the shorter length of the 2a 
cracks vs. the 2b cracks in Figure 5.15, resulting in an a/b ration of 0.76. 
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Figure 5.15: Light microscope image of a Vickers indent in BNT-7BT compressed ex-situ along the y-
direction to -400 MPa 
It is important to note, however, that the stresses in the multilayer structure are residual, while the externally 
applied stress is removed and the indentation experiment was performed ex situ. Another important difference is the 
direction of stress: in a 2-2 composite, residual stresses are in-plane and biaxial, whereas an external applied pressure 
induces a uniaxial stress. The a/b ratio in compressed BNT-7BT is 0.76. Keeping in mind that the direction of the stresses 
in compressed BNT-7BT is perpendicular to that of the BNT-7BT layer in the composite, the ratios can be compared by 
taking the inverse of the compressed sample, which is 1.32. The anisotropy of the BNT-7BT layer in the composite is 
therefore significantly larger than the compressed sample, despite the fact that the crack lengths are smaller.  
Table 5: Crack propagation in constituents and 2-2 composites of BNKT-BA/BNT-7BT and BNT-BT-
KNN/BNT-7BT 
 
 
 
 
 
 
Material 2a 
(µm) 
2b 
 (µm) 
a/b Ratio 
BNKT-6BA 33.9 34.5 0.98 
BNT-7BT 26.6 27.3 0.97 
BNKT-6BA Layer 55.2 81.1 0.68 
BNT-7BT Layer (6BA) 102.7 42.0 2.45 
BNT-7BT Mechanically Compressed  173.0 228.8 0.76 
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The data above shows that mechanical stress arising from differences in CTE and sintering is an important factor in the 
behavior of ferroelectric composites. This factor must be considered when optimizing the composition, synthesis, and use 
of composites because it is known to influence electromechanical properties, [198], [220] including inducing stress-induced 
structural phase transitions in single-crystal and polycrystalline ferroelectrics [219], [197].  
 Influences of Mechanical Stress  
The presence of internal stresses has been described and ascertained from the investigations described above. In 
this section, the influence of these stresses on the material properties of the end members will be discussed. It is well known 
that mechanical stress can act on a number of length scales, thereby influencing the crystal structure, mechanical properties 
such as hardness and elastic modulus, and the dielectric and ferroelectric response. All of these parameters were examined 
under compressive stress, for both the seed and matrix materials. In several cases, only one matrix material is examined, 
because of the availability of samples of the correct aspect ratio for mechanical testing.  
 
In situ stress-dependent XRD of pure BNT-7BT and BNT-7BT-1KNN were performed with the assistance of Dr. 
Manuel Hinterstein and Dr. Neamul Khansur at ID15 of ESRF. Details of this measurement can be found in the 
Experimental Methodology section. These results were published in [219], and the figures below are taken directly from 
that publication.  
Figure 5.16 shows the stress-induced structural changes in the two constituents of the BNT-BT-KNN/BNT-7BT 
system through in situ diffraction experiments and the macroscopic stress-strain behavior. Although the KNN content is 
not the same as that used in the 2-2 composite system, a similar ergodicity in its strain response is observed and, therefore, 
can be considered analogous to the matrix material in the rest of the work. A stress-induced phase transformation is clearly 
visible for both compositions. In the BNT-7BT system, variation in (200pc) and (222pc) reflections as a function of 
compressive stress demonstrates a transformation from a pseudocubic to a mixed tetragonal-rhombohedral state. The 
diffraction patterns collected after mechanically unloading to σrem is indistinguishable from that of the σmax. Therefore, the 
induced phase transformation in this composition can be termed irreversible. A similarly irreversible transition from a 
pseudocubic to tetragonal symmetry was observed in BNT-7BT under an applied electric field [68]. 
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Figure 5.16: Stress-induced structural changes in nonergodic BNT-7BT (a-c) and ergodic BNT-6BT-1KNN 
(f-h) relaxor. Diffraction data represent the scattering vector angle perpendicular to the stress field 
vector. Macroscopic stress-strain loop for BNT-7BT and BNT-BT-KNN are shown in (d) and (h) 
respectively, from [219] 
 The effect of mechanical stress on BNT-BT-KNN also shows a change in crystal structure. However, these 
changes were reversible, as evidenced by the fact that the diffraction patterns at σrem ≈ σ0. The change in (200pc) and (222pc) 
peak position and (200pc) peak width (FWHM200) indicate that the ergodic NBT-6BT-1KNN transformed from pseudocubic 
to mixed phase with lower symmetries. This is consistent with previous in situ diffraction measurements on related 
compositions under electric field, in which a reversible electric-field-induced phase transformation from pseudocubic to 
distorted rhombohedral phase were shown [222]. The electric-field-induced and stress-induced structural transformations 
for both nonergodic and ergodic relaxors are analogous. Similarly, structural investigations in lead-free BNT-6BT under 
applied mechanical stress have shown that, above a critical stress value, a structural phase transition is induced, and below 
the critical stress value a change in the lattice parameters can be observed [76], [197].  
While the long-range structure is pseudocubic in the initial state, the relaxor-like nature of the as-processed NBT-
7BT and NBT-6BT-1KNN signifies that the material contains disorder at the atomic or nanometer length scale, which may 
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be in the form of octahedral tilt disorder as well as cation occupational and displacement disorder. Therefore, the nature of 
the electric-field and/or stress-induced phase transformation in these materials has been perceived as an establishment of 
long-range ordering of the short-range lower symmetries and simultaneous development of the corresponding lattice 
distortion with applied external field. Within a composite structure, internal stresses will affect the crystalline phase and 
long-range order of the end members. In the presence of a constant residual stress arising from sintering interactions and 
differences in CTE, both the ergodic relaxor matrix and nonergodic relaxor seed will have altered crystal structures, a 
change in the corresponding long-range order and, as a consequence, an alteration of their electromechanical response.  
The irreversible peak splitting of the (200) peak and broadening of the (222) peak in BNT-7BT can be compared 
to the diffraction patterns of the 2-2 composites shown in Chapter 4. Under compressive stress, the (200) reflection shifts 
to lower angles and a broadening as evidenced by an increase in the FWHM can be observed. Similarly, in the 10% 
composite matrix region, a shift to lower angles was observed, which resulted in an increase in the c and a lattice 
parameters. The diffraction patterns and lattice parameters calculated thereof in the 20% composite were not uniform: the 
left matrix region had a smaller lattice parameter than the freely sintered sample, whereas the right matrix region had a 
higher lattice parameter than the freely sintered sample. One divergence is apparent between the freely sintered BNT-BT-
KNN and the matrix regions of the composite: a pronounced peak splitting was observed in both the (111) and (200) 
reflections in the composites, whereas only (222) peak splitting was observed in compressed BNT-BT-KNN. Comparing 
the diffraction patterns of BNT-7BT under compression and the seed regions of the 10 and 20% composite, more 
divergences become apparent. In the freely sintered BNT-BT, peak splitting of both the (200) and (222) reflections takes 
place under sufficient stress, but no splitting of the (111) reflection can be observed in the 20% composite. On the other 
hand, in the 10% composite there is a pronounced peak splitting of the (111) reflection similar to the compressed BNT-
7BT. The (200) peak of compressed BNT-BT-KNN shifts to lower angles under compressive stress, without splitting. This 
was not observed in the composite system, where instead an increased (200) peak splitting was observed in the matrix 
regions, as was shown in Figure 4.10. A summary of the comparison is given in Table 6.  
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Table 6: Comparison of the diffraction patterns of freely sintered BNT-7BT and BNT-BT-KNN under 
compression and that component in the 2-2 composite 
 Compressive Stress 10% 2-2 composite 20% 2-2 composite 
Seed (BNT-7BT) Shift of (200) peak to lower 
angles 
Increase of (200) FWHM  
(222) peak splitting at -300 
MPa 
Reduced lattice constant 
Splitting of (111) and (200) 
peaks  
 
Inhomogeneous lattice 
constant 
Splitting of (111) reflection 
 
 
Matrix  
(BNT-BT-KNN) 
(200) peak splitting at -300 
MPa 
(222) peak splitting at -360 
MPa 
Shift of (222) peak to lower 
angles 
Reduced lattice constant 
Increase of (200) FWHM 
 
 
Single (111) reflection 
Splitting/ increase of FWHM 
of (200) reflection 
 
 
 
As shown in Figure 5.12, in the 2-2 composite of BNKT-BA/BNT-7BT, the BNT-7BT layer experiences residual 
compressive stresses. In order to determine the effect of compressive stress on BNT-7BT, the elastic modulus as a function 
of stress was investigated with partial unloading experiments. During testing the compressive stress was reduced by 10% 
from the current stress level to measure the instantaneous elastic modulus. In Figure 5.17, a partial unloading experiment 
is shown and compared to measurement during linear loading/unloading; partial unloading did not adversely affect 
macroscopic ferroelastic behavior. The bottom of Figure 5.17 depicts the measured elastic moduli at room temperature as 
a function of stress. During compressive stress loading, there was an increase in the apparent macroscopic elastic modulus, 
similar to observations for PZT [46]. In contrast to PZT, however, BNT-7BT is expected to undergo a relaxor-ferroelectric 
transition during mechanical loading [76], whereby stress induces a long-range ferroelectric order with a preferential 
domain orientation perpendicular to the applied uniaxial compressive stress. Upon unloading, the elastic modulus decreases 
but retains a higher value in the remanent state than in the initially virgin state. The nonergodic nature of BNT-7BT results 
in a higher volume fraction of domains aligned perpendicular to the applied stress direction. 
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Figure 5.17: Stress-strain curve of BNT-7BT with partial loading in order to determine elastic modulus as 
a function of stress, shown in bottom panel, from [223] 
 
Using nanoindentation, the local mechanical properties were characterized through the thickness of the 
ceramic/ceramic composite, enabling a comparison to the elastic modulus of compressed BNT-7BT shown in Figure 5.17. 
The determined values for elastic modulus and hardness are shown with the chemical composition and grain size at the 
same position in Figure 5.18 to facilitate analysis. Resonant frequency damping analysis (RFDA) determined values of 
BNT-7BT have been reported at approximately 110 GPa [202], whereas in this work, nanoindentation-based determination 
of the elastic modulus is 180 GPa for BNT-7BT and 160 MPa for BNKT-6BA. The lower RFDA derived values may be 
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due to this measurement technique incorporating pores, thereby lowering the overall elastic modulus value, whereas the 
value given by nanoindentation is closer to the “ideal” phase pure, 100% dense material [224]. 
 
Figure 5.18: Elastic modulus and hardness as a function of position in a 2-2 composite of BNKT-
6BA/50% BNT-7BT, with the red line and blue indicating the elastic modulus of BNT-7BT and BNKT-BA 
respectively in a freely sintered disc. [223] 
In the matrix BNKT-BA region, both the elastic modulus and hardness determined by nanoindentation 
corresponds well to the bulk values. In contrast, the elastic modulus and hardness of BNT-7BT within the layered structure 
fall well below that of the bulk material. As shown in Figure 5.18, the hardness and elastic modulus is lower in the seed 
region (center) than the top and bottom matrix layers. The values of the elastic modulus in the seed region range from 160 
GPa at the seed/matrix interface to 130 GPa at the center of the seed region. These values correspond closely to those 
determined in BNT-BT under compression. However, as shown in Figure 5.17, under increased compressive stress, the 
elastic modulus was shown to increase from the initial partial unloading step, but in the composite, the elastic modulus 
value of BNT-7BT is lower than the pure end member.  
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Residual stress influences the behavior of the applied indentation force. In a laminate, the residual stress is biaxial 
away from the surface. At the cross-section surface, due to the lack of tractions perpendicular to the surface, the stress state 
should be uniaxial, in-plane, and perpendicular to the indentation direction. Because hardness is measured in terms of the 
measurement depth as a function of stress, a material with tensile stress will be less resistant to the indentation force, 
resulting in a greater measurement depth and lower hardness value. On the other hand, compressive stress will result in 
greater resistance to the indentation force, corresponding to a lower measurement depth and a higher hardness value [225]. 
In addition, applied stress has been shown to change the macroscopic elastic modulus of ferroelastic materials due to the 
anisotropic elastic properties [46], [226], [227]. For example, ferroelastic switching during compressive stress loading 
results in an increase in the volume fraction of domains oriented perpendicular to the applied stress, which increases the 
apparent elastic modulus. As was determined in Figure 5.12, the residual stresses in the BNT-7BT layer due to differences 
in CTE range from -300 to -400 MPa, depending on seed content. Previous ferroelastic measurements on BNT-7BT have 
revealed a coercive stress of approximately –315 MPa, which corresponds well to values of other BNT-BT compositions 
[219]. Through the inclusion of destabilizing compounds, such as BiAlO3 [110], or (K0.5Na0.5)NbO3 [173], which increase 
the ergodic nature of BNT-based materials, there is a subsequent increase in the coercive stress. There are currently no 
available studies on the ferroelastic response of BNKT-BA, but published data on another ergodic relaxor, BNT-6BT-
xKNN, shows an increase in the coercive stress from –369 MPa for 0KNN to –421 MPa and >–500 MPa for 1KNN and 
2KNN, respectively [219]. From this it can be assumed that the coercive stress of BNKT-6BA is higher than BNT-7BT, 
meaning that the BNKT-6BA layer will undergo the stress-induced relaxor-ferroelectric transition at a higher stress [76]. 
In the virgin state, both materials will remain pseudocubic when determining the average crystallographic symmetry and 
their elastic responses will be isotropic. Under the application of a stress above the critical value, a stress-induced relaxor-
ferroelectric transition will result in the formation of ferroelectric long-range order, analogous to the electrical case [177]. 
Due to the formation of a domain structure, it is expected that the anisotropic elastic properties of the non-cubic phase will 
affect the observed elastic modulus and hardness. This indicates that the stress in the BNT-7BT layer is in the vicinity of 
the coercive stress (–315 MPa), which has resulted in the formation of a long-range ferroelectric order and the reduction 
of the elastic modulus and hardness. In contrast, the matrix layer, which experiences lower stresses (below 200 MPa), will 
remain in the relaxor state, without a domain structure that influences indentation depth. The elastic modulus is determined 
perpendicular to the internal residual stress during nanoindentation, and it is, therefore, expected that the elastic modulus 
will decrease because of an increase in the volume fraction of domains parallel to the measurement direction. Similar 
results were observed by Fett et al., who showed that orientation of domains plays an important role in the measured elastic 
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modulus [226]. In that work, unpoled PZT samples with a random domain orientation had a higher elastic modulus than 
electrically poled samples.  
A gradient in the values for elastic modulus and hardness can be observed across 500 μm. The spread of the 
hardness is highest at 900 µm, 1550 µm, and in the center at 1300 µm. It has been observed that the stress state in laminates 
is inhomogeneous, resulting in an inhomogeneous measurement of hardness across laminate layers of the same 
composition. However, inhomogeneity in the present investigation may also be attributed to interdiffusion, which results 
in compositional inhomogeneity as well as an inhomogeneous stress distribution through the thickness of the layer. EDS 
analysis was performed next to the first indent at each row parallel to the interface, thereby ensuring that the composition 
and mechanical properties are from the same position relative to the interface. From Figure 5.18, it is clear that the drop in 
the hardness does not occur at the same position as the drop in K and Al content. The slope of the gradient in hardness is 
also higher than the slope in gradient of elemental content.  
Micromechanical properties appear to correlate more strongly with grain size than with chemical composition. A 
reduction in the hardness correlates in position to a reduction in grain size. This corresponds to previous work on hardness 
as a function of grain size in ceramic materials, dating back to 1978, when Sargent and Page showed that, contrary to the 
effect observed in metals, the microhardness increased with increasing grain size in polycrystalline MgO ceramics, and 
explained it to be due to the similar size of the grain and indentation [228]. The grain size is strongly affected by the 
presence of sintering stresses due to differences in shrinkage rate between BNKT-6BA and BNT-7BT, as shown in Figure 
5.8. BNT-7BT was found to have lower shrinkage at the sintering temperature than the matrix, resulting in biaxial tensile 
stresses on the seed region. Despite the fact that in many other materials, a lower grain size is associated with a higher 
hardness [11], [229], it appears that in this system, the influence of internal stress plays a stronger role in the change in 
mechanical properties. 
 Internal Stresses in 2-2 Composites due to Piezoelectric Interactions 
Internal stresses in the 2-2 composite structure can also occur during the application of an electric field, due to the 
difference in transverse piezoelectric coefficients between the two end members. To determine the lateral and transverse 
piezoelectric coefficients in the pure end members, the digital image correlation (DIC) method was employed during 
application of an electric field. These measurements were performed in collaboration with Dr. Di Chen and Professor Mark 
Kamlah at the Karlsruhe Institute of Technology. A detailed description of this method can be found in the Experimental 
Methodology section.  
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The validation of this method for determination of strain was performed through a simultaneous measurement of 
mechanical displacement by linear variable displacement transducers. A comparison between the LVDT determined strain 
and the DIC determined strain is shown in Figure 5.19. 
 
Figure 5.19: Comparison between electric-field-induced strain determined by LVDT (red) and DIC (black) 
in BNT-7BT 
The strain determined through the DIC method is shown in Figure 5.20 for both the longitudinal and transverse 
directions. This enables a calculation of the volume change, shown in black. The volume of the pure end members as a 
function of electric field is the sum of the longitudinal strain and two times the transverse strain, with the assumption of 
transverse isotropy [77]. The sample volume contracts with applied field in both BNT-BT-KNN and BNT-BT. The initial 
volume change in BNT-7BT far exceeds that of BNT-BT-3KNN at 2 kV/mm, the coercive field of BNT-7BT. The volume 
change as a function of electric field observed in this work corresponds to previous measurements by Jo et al. [77]. 
Stress as a function of electric field in the matrix and seed layers was determined using a modified Chartier model: 
 𝜎𝑆(𝐸) =
𝑌𝑆𝑌𝑀(𝜀𝑆(𝐸) − 𝜀𝑀(𝐸))
(1 − 𝑣)
ℎ𝑠
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2𝑌𝑆 
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+ 𝑌𝑀
(5. 3) 
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where εS and εM values are the transverse strain values measured at the instantaneous value of the applied field 
E, and all other variables correspond to those found in Equations 5.1 and 5.2, enabling an approximation of the stress state 
throughout a bipolar loading cycle 
 
Figure 5.20: Longitudinal and transverse strain, shown in solid and dashed lines respectively in pure end 
members BNT-BT and BNT-BT-KNN, and volume change shown in black, all in % strain 
  The electromechanical properties of BNT-7BT and BNT- BT-KNN as determined by the DIC method are shown 
in Table 7. The difference in remanent strain values of the two end members will also result in residual stresses after 
application of an electric field. Using Equations 5.3 and 5.4, the stress states in the matrix and seed can be determined. The 
residual stresses, at 41 MPa for the seed layer and -10 MPa for the matrix layer, are well below the coercive stresses 
sufficient to induce domain formation. However, the stresses generated due to differences in 𝑑31
∗  during electric field 
cycling are likely to exceed these values. 
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Table 7: Electromechanical Properties Determined by DIC Method, determined at a field of 4 kV/mm, 
with a frequency of 10 mHz  
 Ec (kV/mm) 𝒅𝟑𝟑
∗ (pm/V) 𝒅𝟑𝟏
∗  (pm/V) Sremanent (%) σresidual (MPa) 
BNT-BT-KNN 0.5 44.25 13.1 0.07 41 
BNT-BT 1.8 92 293 0.22 -10 
 
The determined stress as a function of electric field in each component of the composite is shown in Figure 5.21. 
The stress under positive electric field as a function of seed content, at 1, 2, 3, and 4 kV/mm, is shown in Figure 5.21 (a). 
A sharp jump in the stress state occurs from 1 to 2 kV/mm. Under initial loading by a positive field, the matrix layer 
undergoes compression, while the seed layer experiences tension. These stresses can also not be ignored during poling, as 
application of an electric field on 2-2 composites will result in internal stresses in the poled body.  Because of the large 
scale of tensile stress at values of 2 kV/mm and higher, care must be taken to avoid delamination during poling and cycling 
by large fields. In this work, delamination occurred consistently in samples loaded with bipolar cycles, likely as a result of 
the stresses generated from the difference in 𝑑31
∗  at high fields.  
In Figure 5.21 (b), stress over a single bipolar cycle is shown. Over most of the loading cycle, the seed layer is in 
tension and the matrix layer is in compression. However, during unloading of the negative field, from -2.25 kV/mm to -
1.6 kV/mm, the matrix is in compression and the seed is in tension. The final stress state after one bipolar cycle is 
determined to be 90 MPa in the seed layer and -40 MPa in the matrix layer. These stresses are likely to influence the 
polarization and strain response to an applied electric field. Because the in-plane stresses will result in domains aligned 
parallel to the applied electric field, it is expected that the compressive stress in the matrix layer will enhance its strain and 
polarization response to an applied electric field. 
The addition of stress during applied electric field will also contribute to and affect the electromechanical behavior 
of the two components differently. As was shown in Figure 5.21, during application of an electric field, both components 
of the composite will exhibit a stress in addition to the residual stress from processing.  
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Figure 5.21: Stress due to difference in transvese strain in the BNT-7BT and BNT-BT-KNN layers of the 2-
2 composite (a) as a function of seed content, under fields of 1, 2 and 4 kV/mm, (b) stress as a function 
of applied electric field in a 2-2 composite of 30% seed 
 
Because of the large stresses determined to be present in the 2-2 composite structure, both as a consequence of 
difference of CTE and transverse strain response to an applied electric field, it is important to investigate the effect of stress 
on dielectric and ferroelectric behavior of the pure constituents. The dielectric behavior of ferroelectrics and relaxors has 
been shown to be strongly influenced by the application of an external mechanical field, dating to investigations on BaTiO3 
[230]. For instance, the dielectric response has been shown to be affected by applied mechanical stress, e.g., the application 
of hydrostatic stress on Rochelle salt has been shown to reduce its transition temperature [231]. A similar influence of 
hydrostatic stress on the phase transition temperature was observed in BaTiO3 [232], Ba0.75Sr0.25TiO3 [233] and PbTiO3 
[234]. It is important to note, however, that the influence of hydrostatic stresses may differ from that of in-plane biaxial 
stresses as found in the 2-2 composites of this work.  
In Figure 5.22 the influence of stress on permittivity is shown at room temperature in BNT-7BT and BNT-6BT-
3KNN. An inflection point in the permittivity can be observed in BNT-7BT at -30 MPa. Compressive stress clearly 
decreases the permittivity values for both systems, but the permittivity of BNT-7BT has a large hysteresis, whereas the 
BNT-BT-KNN system does not. The effect of mechanical stress on the dielectric response was investigated in detail in the 
BNT-BT system by Schader et al., who showed that as a consequence of a mechanically induced relaxor-to-ferroelectric 
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transition, the permittivity decreased [76].  The origin of this decrease was attributed to the increased resistance to motion 
of PNRs due to the uniaxial compression and the increasing correlation between the PNRs, which results in a decreased 
response to a small electric field. A similar nonlinearity to the one at -30 MPa in this work was observed, however, at a 
slightly higher compressive stress of -51 MPa in BNT-6BT.  
The influence of mechanical stress on dielectric properties strongly depends on microstructure. For instance, a 
significant difference in the dependence of permittivity on stress was observed in BT upon changing its grain size. Fine-
grained BT showed an increase in the permittivity with increasing stress, whereas coarse-grained BT showed a decrease 
under identical conditions [235]. This difference was explained by the fact that fine-grained ceramics more closely 
resemble a single domain structure, whereas the coarse-grained material contains multiple domains walls. In light of such 
findings, the complexity of the influence of sintering stresses must be considered. In this work, we show that the composite 
structure has a significant effect on the grain size of its constituents. The influence of residual stress on the composite 
dielectric is likely coupled to the influence of internal sintering stresses during processing.  
 
Figure 5.22: Dielectric permittivity and loss as a function of compressive stress at 25 °C in BNT-7BT and 
BNT-6BT-3KNN, solid line showing permittivity and dashed line showing dissipation factor 
Ferroelectric behavior is well-known to be affected by mechanical stress. In light of the evidence of internal stress 
both before and during electric field loading, the polarization response of the freely sintered end members was evaluated 
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under compression. It can be observed that the remanent polarization decreases with increasing pressure in BNT-7BT and 
BNKT-6BA. For all three tested materials, increasing stress results in a reduced maximum polarization as well. The effects 
of stress on the remanent polarization, maximum polarization, and coercive field are shown in Figure 5.24. The coercive 
field is not strongly affected by mechanical stress, but the remanent polarization and maximum polarization both decrease 
with increasing compressive stress. The decrease in maximum polarization has an inflection point at -30 MPa in BNT-
7BT, which parallels the inflection point of permittivity under stress in Figure 5.22. A similar inflection point was observed 
by Dittmer et al. in BNT-6BT, but at a temperature of 100 °C. However at lower temperatures, the inflection point occurred 
at stresses ranging from -90 to -120 MPa [198]. Because BNT-7BT is on the tetragonal side of the MPB in the BNT-BT 
binary solid-state solution,  as compared to BNT-6BT, it appears that the addition of BT to this system results in an 
increased response to mechanical stress. The additional amount of BT has been shown to reduce its elastic modulus [236]. 
Therefore, the fact that at room temperature, lower stresses are required to depole BNT-7BT as compared to BNT-6BT 
may be related to increased domain mobility.  
 
Figure 5.23: Polarization as a function of applied electric field, at room temperature, under constant 
uniaxial compressive stresses of -10 to -200 MPa in BNT-7BT, BNT-6BT-3KNN and BNKT-6BA 
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Such an inflection point appears in BNT-BT-KNN as well, but at a much higher stress of -300 MPa. Further 
investigations over the range of -250 to -350 MPa are required to precisely determine the stress value at which the inflection 
point occurs. It is also interesting to note that the remanent polarization increases slightly at -300 MPa in BNT-BT-KNN, 
from 3.5 µC/cm2 at -30 MPa to 4.1 µC/cm2 at -300 MPa. It is further notable that the two ER matrix materials, BNKT-
6BA and BNT-BT-KNN, appear to be largely stress insensitive, which may be beneficial for integration into devices in 
which clamping of components occurs.  
 
Figure 5.24: Pmax, Prem, and Ec as a function of compressive stress in BNT-7BT, BNKT-6BA and BNT-6BT-
3KNN. 
As shown in Figure 1.16, mechanical stress in a ferroelectric results in domain orientation perpendicular to the stress. 
A compressive in-plane biaxial stress, therefore, will result in domains perpendicular to the seed-matrix interface. The 
electrodes for the 2-2 composite samples in this work are applied parallel to the interface, meaning that an applied electric 
field will be parallel to the orientation of domains aligned by internal stress. Therefore, a compressive stress should result 
in a lower coercive field, as the internal stress will facilitate domain orientation. This has previously been observed in PZT, 
where the application of a radial stress was shown to reduce the poling field by 40% [237]. However, the remanent 
polarization is reduced with the application of uniaxial compressive stress. Because the initial state of the ceramic is 
mechanically textured, (i.e., some domains have been formed that are parallel in direction to the applied electric field), the 
difference between the initial state and the remanent state is lower than that of unstressed samples. Therefore, the remanent 
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polarization is lower. Previous work in BZT-BCT has observed a similar reduction in remanent polarization with 
compressive stress and was explained by a decreasing domain wall density. An electric field induces domain formation 
parallel to the applied field, and a compressive mechanical stress induces domain formation and alignment perpendicular 
to the mechanical stress. When these two fields are applied simultaneously in the same direction, there is a competitive 
interaction between them. This means that a reduced polarization state is likely relative to an unstressed sample under 
electric field. Therefore, the final maximum polarization state of a sample under both compressive mechanical stress and 
an applied electric field is reduced relative to the maximum polarization of an unstressed sample. Similar reductions in 
remanent and maximum polarization was observed in soft PZT [220], in which it was shown that stresses above the coercive 
field effectively depolarize the material and prevent non-180° domain switching. A polarization response was still observed 
due to 180° domain switching, which was not restricted by mechanical stress.  
Based on the above results, a compressive stress on either the seed or the matrix phase of the composite will result in 
a reduced remanent polarization. In Figure 5.21, of Section 5.5, it was determined that during the application of an electric 
field, the matrix undergoes in-plane compression as the field increases. However, in 2-2 composites, the internal stresses 
are perpendicular to the applied electric field and measured strain and polarization, whereas for the direct measurement of 
the effect of stress on the dielectric and ferroelectric behavior, it is only possible to apply a stress parallel to the direction 
of the applied electric field. Previous work has shown that biaxial compressive stresses increase the remanent polarization 
in the field direction, when the applied electric field is perpendicular to the stress [237].   
 Summary 
The sintering shrinkage and coefficients of thermal expansion for BNT-BT-KNN, BNKT-BA and BNT-BT were 
measured as a function of temperature, enabling a determination of residual stress in the 2-2 composites. An optimized 
sintering temperature was proposed based on these results, with the goal of reducing residual stresses. Residual stresses 
due to differences in CTE were determined and compared to evidence of residual stresses from anisotropic crack 
propagation under Vickers indentation. The anisotropy was attributed to the formation of domains as a mechanism of 
stress-relaxation, which resulted in anisotropic ferroelastic toughening responses in the composite. Local strain evaluation 
during application of an electric field through DIC enabled the determination of both 𝑑33
∗  and 𝑑31
∗  in BNT-BT and BNT-
BT-KNN as a function of electric field, which showed that the absolute value of the stress during application of an electric 
field is in the MPa range.  
As this chapter shows, the mechanisms of interaction between seed and matrix in lead-free ferroelectric composites 
is quite complex. Although residual stresses due to differences in shrinkage and thermal expansion are equivalent in terms 
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of direction, upon application of an electric field, the internal stresses reverse direction. Throughout the production and use 
of the composite, new stresses arise that influence its final ferroelectric and piezoelectric behavior. These stresses can be 
tailored to optimize the mechanical and electromechanical properties of composites by tailoring the composition, sintering 
temperature and other available parameters to the desired internal stress state. In the final chapter of this work, the dielectric 
and electromechanical response of the composite systems will be presented and evaluated in light of the mechanical and 
structural interactions presented in Chapters 4 and 5.  
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6. Dielectric, Ferroelectric and Ferroelastic Behavior of Lead-Free Composite Systems 
 Introduction 
Ceramic/ceramic composite systems have shown an improvement in the piezoelectric and ferroelectric response 
to applied electric fields, yielding promising electromechanical behavior for actuator applications. As discussed in the 
introduction, previous work has investigated polarization and strain coupling as mechanisms of interaction that result in 
nonlinear increases of electromechanical properties with increasing seed content [2], [132], [147], [150]. However, the 
interaction between seed and matrix during sintering was neglected in those studies.  
To better understand the effect of the composite structure, the electromechanical and ferroelectric response of 
several composite systems were evaluated under applied electrical and mechanical fields. As discussed in Chapter 4, 
determination of diffusion between the seed and matrix phases proved challenging due to the close chemical composition 
between the two end members of the BNT-BT-3KNN/BNT-BT system. Therefore, a model systems comprising ergodic 
relaxor BNKT-6BA as the matrix, and BNT-7BT as the seed, was also prepared. In this chapter, the dielectric, ferroelectric, 
and electromechanical properties of 2-2 BNT-BT-3KNN/BNT-BT composites as well as 0-3 and 2-2 BNKT-6BA/BNT-
7BT composites are described. In Section 6.2 the small signal dielectric response of these material systems is discussed, 
while in Section 6.3 the large signal ferroelectric and piezoelectric response is presented. Finally, the role of mechanical 
stress in 0-3 BNT-BT-3KNN/BNT-BT composites are compared to the response to large signal applied electric fields. 
These results are discussed in light of the evidence of changes in crystal structure and composition shown in Chapter 4, 
and the presence of residual stresses described in Chapter 5. 
 Temperature and Frequency Dependent Small Signal Dielectric Behavior of Lead-Free 
Ceramic/Ceramic Composites 
To investigate the dielectric behavior, the temperature-dependent permittivity of lead-free BNT-based relaxors 
was examined. As was discussed in the introduction, the dielectric permittivity in relaxors is strongly frequency dependent. 
For relaxors that undergo a field-induced transition to a ferroelectric state, the permittivity is further affected by the 
application of an external electric field, resulting in a poled ceramic. Upon heating, a poled relaxor undergoes a 
temperature-dependent state change from poled ferroelectric to unpoled relaxor. A sharp change in permittivity can be 
observed at Td and is indicative of a temperature-dependent state change [72], [238]. BNT has a Td of 187 °C [160], and 
the addition of BT lowers the Td to 106 °C [165]. Previous work with 0-3 BNT-BT-KNN/BNT-BT composites showed no 
observable phase transition temperature compared to the sharp transition at a Td of 130 °C observed in BNT-7BT [169]. 
The dielectric behavior of poled composites enables an understanding of the influence of the seed on the ergodic nature of 
the composite, by determining whether there is an observable Td. The frequency dependent permittivity reveals the 
mechanisms governing the interaction between seed and matrix phases, as it probes the dipole-dipole interactions. Sharp 
changes in permittivity are also generally associated with temperature-dependent phase transitions in the crystal structure, 
as in the case of BT. However, a sharp transition at Td has also been observed in BNT-BT ceramics without an 
accompanying change in crystal structure, but rather a reduction in polar order [239]. The temperature at which depoling 
occurs is strongly composition dependent as well [240]. The TB of BNT-6BT and BNT-BT-3KNN was previously 
determined by Zhang et al. to be 676 °C and 655 °C respectively [241], well above the temperatures reported here due to 
the instability of silver electrodes above 600 °C. Therefore, the discussion will be limited to Tm and Td when possible. 
   
144 
 
 
Figure 6.1 shows the temperature-dependent dielectric permittivity of the ER matrices BNT-6BT-3KNN and 
BNKT-6BA and the NR seed BNT-7BT. A comparison between the poled and unpoled state can be made, as well as an 
observation of the influence of temperature. Analysis of the small signal behavior is based on the following parameters: 
Tm, the difference between the poled and unpoled states below Tm, the permittivity at temperatures above Tm, the 
temperature of onset of frequency dispersion, and, for composites, the difference between the permittivity values at room 
temperature and the predicted values from the rule of mixtures approximation.  
In ergodic relaxors, a poling treatment has no observable effect on permittivity, which is to be expected. Of the 
two ergodic relaxors discussed in this chapter, BNT-BT-3KNN shows the smallest difference in permittivity between the 
poled and unpoled state. The room temperature permittivity of BNT-BT-3KNN is slightly lower than that of BNKT-6BA. 
BNKT-6BA has a visible difference in the permittivity of the poled and unpoled state, particularly above 200 °C, where 
the poled state exceeds the unpoled state by approximately 100 units. The temperature at which the maximum permittivity 
can be observed also varies between the two ergodic relaxors, with BNKT-6BA having the highest temperature at 
maximum permittivity of 300 °C, while in BNT-6BT-3KNN this occurs at 250 °C.  
The dielectric permittivity of BNT-7BT, the polar seed material, is shown at the bottom of Figure 6.4. It can be 
seen that below the TF-R of 110 °C the unpoled state has a much higher permittivity than the poled state. There is no 
frequency dispersion in the poled state, as compared to the unpoled state. This difference can be attributed to the relatively 
higher mobility of PNRs in the unpoled state, whereas in the poled state PNRs are fixed due to strongly oriented domains 
[242], resulting from a field-induced transition from a relaxor to a ferroelectric state. The poled state comprises a collection 
of aligned domains, which can, therefore, be described as a ferroelectric state. Upon heating past TF-R, the long-range order 
is disrupted due to the increase in kinetic energy of the system, and the dielectric response of the material returns to a 
mechanism based on the greater mobility of PNRs in response to a small signal electric field. This increase in mobility 
persists until TB [23], [243], at which point the system is no longer contains PNRs and, therefore, a lower dipole orientation 
will occur in response to small signal electric fields [37], [244].  
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Figure 6.1: Dielectric permittivity of BNT-6BT-3KNN and BNKT-6BA as a function of frequency and 
temperature, from room temperature to 450 °C 
In the unpoled state, BNT-7BT has a mixture of rhombohedral and tetragonal symmetries, resulting in a 
pseudocubic XRD pattern. As discussed in Chapter 4, upon application of a field, a peak splitting has been observed that 
indicates a transition to a predominantly rhombohedral phase. There is still some controversy as to the effect of temperature 
on BNT-BT. Recent work by Vögler et al. examined the influence of temperature and composition on the presence of 
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PNRs in BNT-BT by tracking the elastic modulus as a function of temperature in poled and unpoled samples [245]. That 
investigation revealed the existence of PNRs above the depolarization temperature, which has been attributed to the 
presence of rhombohedral PNRs as well as remaining ferroelectric domains. There was also a temperature range above Td 
in which the presence of domains could still be observed. The presence of PNRs, according to Vögler et al., persists up to 
a TB of 700 °C. In general, below TB, dipoles in the disordered regions of the material are more correlated and therefore 
form PNRs. Between TB and the Vogel-Fulcher temperature, (in that work, the temperature at which the poled and unpoled 
sample correspond in elastic modulus), the relaxor is in an ergodic state with a spatial and temporal average of zero in the 
orientation of the PNRs. Further decrease of the temperature results in increased correlation of PNRs as well as reduced 
mobility, which renders the material in a nonergodic state. 
 
The first system to be discussed is the BNT-BT-KNN/BNT-7BT composite system, the dielectric behavior of 
which is shown in Figure 6.2. In the 0-3 composites, the difference between poled and unpoled states is weak, compared 
to the difference in pure BNT-7BT. The 0-3 composite of 10% seed content has a more pronounced shoulder than in the 
unpoled state. In the 20% composite, no difference between the poled and unpoled states can be observed, whereas in the 
30% composite, the unpoled state has a more smeared shoulder than the poled state. In the 2-2 composites, larger 
differences between the poled and unpoled states can be observed. The permittivity of unpoled samples is higher than in 
the poled state at all frequencies in the 10 % 2-2 system. The difference between the poled and unpoled states can be 
observed at room temperature, where the poled sample has a permittivity value 350 units higher than the unpoled sample. 
With increasing temperature, the difference in permittivity increases between poled and unpoled states, reaching 600 units 
at Tm.  
In the 2-2 composite of 20% seed content, an anomaly occurs at in the temperature range of 320 °C -410 °C at 10 
kHz, where a large difference in permittivity can be observed between the poled and unpoled state. This is in contrast to 
the Td of the seed material BNT-7BT, which occurs well below this temperature, at 117 °C. For this composite, the unpoled 
state has a higher permittivity than the poled state at all other temperatures. In the 30% 2-2 composites, the permittivity of 
the unpoled state is higher than the poled state, and a smeared shoulder in the permittivity curve can be observed in the 
unpoled state. Smeared transitions are generally attributed to the presence of PNRs of different sizes and chemical 
inhomogeneities [246].  
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The temperature of maximum permittivity, as determined at 104 Hz, increases with increasing seed content from 
256 °C in the 0-3 composite of 10% seed content to 259 °C in the 20% composite, and 278 °C in the 30% composite. Groh 
et al. also showed that increasing the BNT-7BT content results in a larger difference between the dielectric permittivity of 
the poled and unpoled composite [147]. This was used as evidence of the retention of a polar phase in the composite. Just 
as in Groh’s work, the 30% 0-3 composite does not show an increase in permittivity at high temperatures.  
Further analysis was performed through comparison of experimental values to rule of mixtures predictions. This 
comparison is enumerated in detail in Table 8. The maximum permittivity in the 0-3 composites exceeds the values 
predicted by the rule of mixtures by 112 in the 10% composite, but the deviation of approximately 30 from predicted values 
is much lower in the 20% and 30% composites. The 2-2 composites are slightly closer to the approximation, and their 
deviation from the prediction is not uniform, with the 10% composite having a much lower value, deviating from 
predictions by -678.  
These differences may be caused by a number of factors, including differences in stress state and diffusion paths 
during co-sintering. As was shown in Chapter 5, differences in sintering trajectory have a significant influence on 
microstructure. High tensile stresses in the seed region were predicted during co-sintering, as shown in Figure 5.3. 
Significantly, the highest tensile stresses occur in the 10% seed composite, which is also the seed content at which the 
largest deviation from predicted values is observed. Sintering stresses were shown to result in increased pore size in Figure 
5.5. 
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Figure 6.2: Temperature and frequency dependent permittivity of BNT-BT-KNN/BNT-7BT Composites 
100 200 300 400
1000
2000
3000
4000
5000
6000
Poled Unpoled 
 103 Hz
 104 Hz
 105 Hz  
 106 Hz
10% 0-3 10% 2-2
20% 0-3 20% 2-2
P
e
rm
it
ti
v
it
y
Temperature (°C)
30% 0-3 30% 2-2
   
149 
 
Previous work on constrained thick films of BNT-BT and BNT-BT-KNN under tensile stress have shown a 
reduced dielectric permittivity relative to bulk ceramics sintered under the same conditions, as well as a reduced TF-R [247]. 
This was attributed to the higher porosity found in the thick films relative to bulk ceramics. Residual stresse due to 
differences in CTE are likely to further influence the bulk dielectric behavior of 2-2 composites. In this work, it was shown 
that residual stresses in the 10% composite are approximately -100 MPa in the matrix layer and 400 MPa in the seed 
material. Increasing seed content results in increasing compressive stress in the matrix and decreasing tensile stresses in 
the seed, (see Figure 5.12). It was further shown that under compressive stress, the permittivity of both BNT-BT-KNN and 
BNT-7BT reduce, even under stresses below the coercive stress (Figure 5.22). As was shown in Figure 5.21, the application 
of an electric field generates a tensile stress in the seed layer of approximately 50 MPa. The tensile stress in the seed layer 
due to difference in CTE is 420 MPa, and the tensile stress under an applied field of 2 kV/mm is 50 MPa. Therefore, the 
total stress in the poled sample is 470 MPa on the seed layer, whereas the unpoled sample has only the stress from CTE. It 
is possible that the higher tensile stresses in the BNT-7BT layer resulted in an reduced dielectric permittivity, but a complete 
understanding of this phenomenon is not yet clear. At higher seed contents, the tensile stress both as a consequence of 
differences in CTE and 𝑑31
∗  are lower relative to the 10% composite. This may explain the lower difference between poled 
and unpoled 2-2 composite permittivity values at higher seed contents. In addition, the 20 and 30% seed content 2-2 
composites have significantly higher permittivity values as compared to the 10% 2-2 composites, likely due to the lower 
stresses from CTE differences in these compositions. 
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Table 8: BNT-BT-KNN/BNT-BT composite system permittivity at room temperature, 103 Hz in the 
unpoled state compared to predicted values of rule of mixtures values  
 10% Seed Content 20% Seed Content 30% Seed Content 
Prediction 1630 1689 1748 
0-3 1742 1718 1780 
Deviation from prediction +112 +29 +32 
2-2 953 1736 1684 
Deviation from prediction -678 +47 -64 
 
Although it was not possible to directly determine the influence of tensile stress on the materials used in this study, 
it has been shown that tensile stresses also reduce the permittivity of BKT-based dielectrics [201]. On the other hand, under 
tensile stress, thin films of PMN-PT have an increased dielectric permittivity at room temperature, whereas under 
compressive stress the dielectric permittivity is below that of the bulk, unstressed material [248]. The same investigation 
showed an increase in the small signal piezoelectric coefficient under tension. As shown in Figure 5.12, the maximum 
tensile stress in the BNT-7BT seed region occurs at 10% seed content. Therefore, the strong deviation from predicted 
values in the 10% may be more strongly attributed to the tensile stresses, which approach 400 MPa in the seed region, than 
the compressive stresses in the matrix region.  
Porosity and grain size may also result in differences between the 0-3 and the 2-2 composites in terms of 
ferroelectric properties. The large gradient in pore size across the 2-2 composition differs greatly from the 0-3 composites 
in which pore distribution is homogeneous. The pores can be treated as a third phase with low permittivity, resulting in 
charge accumulation at the interface between a pore and the ferroelectric material and a localized large electric field at that 
interface, a phenomenon that has been described in porous dielectrics as well [249]. Previous studies by Topolov et al. of 
a composite system comprising single-crystal rods in a porous polymer matrix have shown that porosity plays a significant 
role in the anisotropy of the ferroelectric response as well as the maximum strain [250]. Interestingly, both porosity and 
pore aspect ratio were determined to nonlinearly affect the maximum strain. The model proposed by Topolov et al. predicts 
that the electromechanical response of porous materials with small aspect ratios is much higher than that of large aspect 
ratios. The influence of pores on ferroelectric response has also been investigated by R. Khachaturyan et al., who 
determined through finite-element simulations that electric field distributions in PZT are independent of pore-size, but 
highly sensitive to the shape and orientation of pores [251]. 
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Grain size is a further microstructural parameter worthy of consideration in the formation of ferroelectric ceramics, 
as it has been shown to dramatically influence the electromechanical response of bulk ceramics, having been well 
established to affect the dielectric properties of BT and PZT [252], [211], [253]. Frey et al. demonstrated that grain 
boundary interfaces during sintering changed the lattice parameters of BT, with an accompanying change in dielectric 
response. The association between dielectric permittivity and grain size was explained by modeling grains as capacitors in 
series, where the grain boundary and bulk have different dielectric constants, resulting in a change in the total dielectric 
response as the ratio of grain bulk to boundary volume decreased with decreasing grain size [9]. A strong dependence of 
the permittivity on grain size was shown in BaTiO3 [211].  
A further consideration is the possible formation of a KNN-rich orthorhombic phase at the seed/matrix interface, as 
discussed in Chapter 4. The dielectric permittivity of KNN is significantly lower than BNT-7BT, with room temperature 
values recorded at 500 – 700 units [254]. Its presence in the composite would, therefore, be expected to lower the total 
dielectric permittivity. However, because of its ferroelectric nature, it may also serve as a secondary polar seed region in 
the composite, which aligns the surrounding nonpolar matrix. Further investigation of the presence and influence of this 
phase in composites is required in order to fully understand its role in the dielectric response.  
 
As discussed in Chapter 4, the model system comprised of BNKT-6BA as the matrix was produced and evaluated 
in order to facilitate the investigation of effects of interdiffusion on composites. The dielectric behavior as a function of 
temperature and frequency in 0-3 and 2-2 composites of this composition are shown in Figure 6.3.  
Although the samples of this system underwent the same poling conditions as those of the BNT-BT-KNN system, 
they do not appear to be poled. A comparison of permittivity values in the poled and unpoled states reveals a very limited 
effect of poling on the dielectric response of both 0-3 and 2-2 composites, indicating an increased ergodicity in this system 
as compared to the BNT-BT-KNN/BNT-BT composites. Differences in the dielectric response of the two composite 
structures can also be observed. The permittivity of the 2-2 composites with 40 and 50 % seed content is higher than the 
0-3 composites of the same composition.  
Tm lies between 260 and 280 °C for all 0-3 and 2-2 composites. In the 0-3 composites of 10, 20 and 30% seed 
content, this temperature is 270 °C, and in the same compositions with a 2-2 structure this temperature is 262 °C. A slight 
increase of the Tm occurs in the composites of 40% seed content of both 0-3 and 2-2 structure, with a value of 274 and 268 
°C respectively, whereas in the 2-2 composite of 50% seed content, a reduction of Tm to 252 °C occurs. The narrow 
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temperature window for the maximum permittivity demonstrates that Tm is relatively stable with seed content and 
composite structure, and does not diverge from the Tm of the pure constituents BNKT-6BA and BNT-7BT. 
Above Tm, the frequency dispersion has significantly reduced. This is in stark contrast to the BNT-BT-KNN 
system, in which at temperatures greater than Tm the permittivity values measured at 104 Hz are between 100 and 1000 
units higher than the values at 105 Hz. This points to an absence of space-charge polarization contributions to the dielectric 
response of BNKT-BA composites. Because space-charge polarization generally occurs at sharp chemical interfaces or 
inhomogeneities [255], as well as sharp differences in resistivity [253], a more diffuse chemical interface is likely in this 
composite system. A much clearer onset of frequency dispersion can be observed in the BNKT-BA composite system than 
in the previously discussed BNT-BT-KNN composites, due to the low degree of frequency dispersion at higher 
temperatures.  
In the absence of an applied field, there are two mechanisms of interaction between the composite constituents: 
chemical and mechanical. In terms of chemical interactions, B-site cation disorder has been shown to play a role in the 
observation of frequency dispersion as demonstrated by Dkhil et al. [256]. In this system, Al is a B-site cation in BNKT-
BA that may migrate into the B-site of BNT-7BT, as shown in Chapter 4. Such an aliovalent B-site occupancy would result 
in a destabilization of long-range order. This should result in a lower permittivity. This also implies that the long-range 
order is less stable with temperature, and the transition temperature will reduce.   
In Table 9, the permittivity values at room temperature, 103 Hz in the unpoled state are compared to predicted 
values from the rule of mixtures. The 10 and 20% 0-3 composites are below predicted values by 70 units, whereas the 30, 
40 and 50% 0-3 composites are all at least 200 units below the predicted values. A much larger deviation from rule of 
mixtures is observed in the 2-2 composites of 10 and 20% seed content.  
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Figure 6.3: Temperature and frequency dependent permittivity of BNKT-BA/BNT-7BT composites 
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Table 9: BNKT-6BA composite system permittivity at room temperature, 103 Hz in the unpoled state 
compared to predicted values of rule of mixtures values calculated from Equation 1.1 
 10% 20% 30% 40% 50% 
Prediction 1583 1647 1711 1775 1839 
0-3 1507 1568 1488 1454 1600 
Deviation -74 -79 -223 -321 -229 
2-2 1409 1438 1370 1585 1502 
Deviation -174 -212 -331 -190 -337 
 
The first cause for deviation from rule of mixtures predictions to be discussed is the chemical interaction between 
seed and matrix during sintering. It was shown by Ullah et al. that the addition of Al to BNT-BT reduced both Td and the 
dielectric permittivity at Tm [110]. However, that composition showed an increase in the dielectric constant at room 
temperature with the addition of Al. Therefore, the addition of K to BNT-BT is likely to also play a role in the deviations 
from predicted permittivity values. In ternary solid state solutions of BNT, BKT and BA, the addition of BKT has resulted 
in an increase in dielectric response [257]. However, a corresponding decrease in grain size was also associated with 
increasing BKT content. Such a change in microstructure is often associated with increased dielectric permittivity values 
[211].  
As discussed in the previous section, changes to microstructure from co-sintering stresses may also contribute to 
deviations from the rule of mixtures predicted values. Increased porosity and/or pore size will reduce the dielectric 
permittivity. Evidence of large pores formed in the seed layer was shown in Figure 5.7 and is likely to play a role in the 
lower values of the dielectric permittivity as compared to rule of mixtures predictions.  
The room temperature dielectric constant of 0-3 and 2-2 composites was also evaluated in the BNKT-BA/BNKT 
system by Jeong et al. [150], who showed that the 2-2 composite has a higher room temperature dielectric constant than 
the 0-3 composite system. In this work, only the composite with 40% seed content had a higher maximum permittivity in 
the 2-2 composites. This difference may be in part due to the difference in A-site cations in the BNKT-6BA/BNT-7BT 
system, where Ba2+ is an aliovalent substitution for K+. The differences in CTE and sintering stresses also vary significantly 
between the two systems.  
 Large Signal Ferroelectric Behavior of Lead-free Ceramic/Ceramic Composites 
In this section, the electromechanical behavior of the composite systems is discussed in terms of its response to 
large signal applied electric fields relevant to actuator applications. Actuators are generally activated by applied electric 
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fields, which generate a ferroelectric response. In relaxor ferroelectrics, this electromechanical response from the virgin 
state is the result of a growth of PNRs, and an accompanying increased correlation length between PNRs. Upon further 
application of an electric field, PNRs evolve into aligned domains that orient along the direction of the applied field. This 
is the so-called relaxor-to-ferroelectric transition, which is accompanied by a large strain. In nonergodic relaxors this 
transition is partially irreversible as a result of the long-range chemical order, whereas in an ergodic relaxor with reduced 
chemical order the removal of the field results in a return to the original disordered state prior to the application of the field. 
The piezoelectric and ferroelectric response to an applied field of 6 kV/mm, 1 Hz at room temperature of the two ergodic 
relaxors, BNT-6BT-3KNN and BNKT-6BA, used in this work are shown in Figure 6.4. The ergodicity of these materials 
is apparent from their low remanent strain. However, these two ER materials have several drawbacks to their application 
as actuators, namely the high hysteresis of the strain response [258], resulting in undesirable self-heating [128], [259], the 
high coercive fields required to achieve the ferroelectric long-range order that results in a high strain response, and the low 
(relative to PZT) response to applied fields of 2 kV/mm, which is the driving field used in PZT, therefore requiring the use 
of high voltages to achieve desired strain responses.  
 
Figure 6.4: Large signal ferroelectric and piezoelectric response of BNT-based ERs (BNT-6BT-3KNN and 
BNKT-6BA) and NR BNT-7BT used as matrix and seed respectively, in this work, measured at 1 Hz, 25 
°C. 
In order to eliminate these hurdles to the implementation of lead-free relaxors as actuators, the addition of a polar 
seed material was undertaken by previous authors. The piezoelectric and ferroelectric behavior of BNT-7BT used as the 
polar seed is shown in Figure 6.4. The field at which poling occurs is 2 kV/mm and a coercive field of 2.3 kV/mm can be 
observed, as well as a high remanent strain and polarization indicative of a retained polar order desirable in a polar seed. 
As can be seen in Figure 6.4, the remanence is due to an irreversible transition from a relaxor to a ferroelectric under an 
applied electric field.  
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To elucidate the mechanisms of enhancement observed in composites, 2-2 and 0-3 composites of BNT-6BT-3KNN/BNT-
7BT were produced and measured under identical conditions. Figure 6.5 provides a comparison of the response to an 
applied electric field of 4 kV/mm at maximum between 0-3 and 2-2 composites of BNT-6BT-3KNN and BNT-7BT.    
 
Figure 6.5: BNT-6BT-3KNN/BNT-7BT 2-2 composites large signal ferroelectric and piezoelectric virgin 
behavior, 50 mHz, 2nd cycle 
A large difference in electromechanical response between the 2-2 and 0-3 composites can be observed. At 4 
kV/mm and 50 mHz, the maximum strain in this study was attained with 20% 0-3 composites. A negative strain can also 
be observed in the 30% 0-3 composite, exceeding that of the pure BNT-7BT. The polarization loops of the 0-3 composites 
have a clear pinching, as compared to those of the 2-2 structure, and this feature becomes more prominent with increasing 
seed content. Pinched polarization loops are indicative of polar defects that prevent domain wall switching [260], as well 
as a disruption of the long-range order [261], [262], and are associated with a transition from the ergodic relaxor to the 
ferroelectric state. As this feature is more apparent in 0-3 composites, it appears that they retain the ergodic state of the 
matrix more than 2-2 composites.  
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Figure 6.6: BNT-6BT-3KNN/BNT-7BT 2-2 and 0-3 composites large signal ferroelectric and piezoelectric 
behavior at 4 kV/mm maximum electric field, 1 Hz, 2nd cycle 
When measured at 1 Hz, as shown in Figure 6.6, an asymmetry can be observed in the strain response of the 2-2 
composites, as well as the 0-3 composite of 30% seed content. It appears that the application of an electric field at a higher 
frequency may be the origin of the asymmetry: it is possible that a large internal electric field arises that must be 
compensated, thereby reducing the strain response in one direction. This large internal field, when faced with a slow loading 
rate as found in external fields of low frequency, is overcome. Under low frequencies, new domains may act on neighboring 
domains that arose from internal stresses.However, under a higher frequency, the external field loading rate is too rapid to 
allow for complete reversal and alignment of domains along the direction of the external applied field. The internal field 
may be due to a difference in the conductivities of the two components of the composite, the effect of which is more 
pronounced in 2-2 composites due to a larger surface area along which charges can accumulated, as opposed to 0-3 
composites in which the seed distribution is more homogeneous. Higher frequencies would, therefore, not be able to 
redistribute the charges at the interface. No such asymmetry was reported in this composition in previous work on 0-3 
BNT-BT-KNN/BNT-BT composites by Groh et al.[147]. The internal field appears to be aligned parallel to the positive 
applied field in 2-2 composites, resulting in a reduced response to a positive field as the domains are already aligned in that 
direction. No such asymmetry is observed in the pure matrix material, although a slight asymmetry can be seen in the pure 
seed material. Therefore, it appears that the generation of an internal field is the result of the 2-2 composite structure.  
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Asymmetries in the strain response have been observed in fatigue testing of piezoelectric materials, with an 
increased asymmetry arising with higher fatigue cycling [263]. This has been attributed to point defects that cluster during 
cycling, which include cracks and pores, resulting in a charge accumulation that generates internal bias fields [264]. 
Asymmetry has also been observed in hard PZT, and is generally attributed to the presence of polar defects which result in 
an internal bias field [265]. Evidence of internal fields resulting in asymmetric ferroelectric responses was also observed  
in PZT doped with Al, Mn and Fe [266].  
It is possible that the composite structure itself results in accumulation or clustering of point defects that gives rise 
to the asymmetries observed in this work, rather than the clustering of point defects during cycling. One possible source 
for an internal field is the residual stresses arising from differences in thermal expansion during annealing, as shown in 
Figure 5.12. Such stresses, as discussed in Chapter 5, result in domain orientation parallel to the applied electric field. An 
applied electric field on such a stressed sample will induce domain rotation. It was also shown that in-plane biaxial stresses 
arise during application of an electric field in 2-2 composites due to the difference in transverse strain of the two end 
members. These stresses also orient domains parallel to the applied field, which gives rise to an enhanced strain response. 
In other work, negative strain has been ascribed to the presence of a long-range ferroelectric order which disappears with 
increasing temperature as the TF-R is approached [177]. Based on this, it appears that a positive field is able to induce a 
long-range ferroelectric order, whereas a negative field does not.  
 
Figure 6.7: 𝑑33
∗ , remanent polarization and coercive field as a function of composition in BNT-BT-
KNN/BNT-7BT composites, shown for frequencies of 1 Hz and 50 mHz. 𝑑33
∗  is shown under positive and 
negative fields to highlight the asymmetry of the bipolar strain response 
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An evaluation of the figures of merit of the large signal response are shown in Figure 6.7. At 50 mHz, the coercive 
field increases with increasing seed content in the 2-2 composites. In the 0-3 composites there is an increase from the matrix 
(0.45 kV/mm) to 10% seed content (1 kV/mm), above which there is no difference in coercive field. At a frequency of 1 Hz, 
the coercive field remains stable with seed content in the 2-2 composite. In the 0-3 composite, the addition of seed does not 
change the coercive field at 1 Hz.  
With increasing seed content, an increase in the remanent polarization is observed at 50 mHz. This increase is 
higher in the 0-3 than in the 2-2 composite, at both 10 and 20% seed content. A maximum in the remanent polarization can 
be observed in the 0-3 composite of 20% seed content. At 30% seed content, the remanent polarization of both the 2-2 and 
0-3 composites are identical, at a value of 9 µC/cm2. The remanent polarization at 1 Hz has a nonlinear response to increasing 
seed content, with an increase relative to the pure matrix observed in the 10% 0-3 composite, and a decrease in the 2-2 
composite of the same seed content. At 20% seed, the remanent polarization of the 0-3 and 2-2 composites nearly overlap, 
and at 30% seed the 2-2 composite has a higher value than the 0-3. The differences are very small relative to the difference 
in remanent polarization between the seed and matrix. If the composites were to follow the rule of mixtures predictions, an 
increase in remanence should be observed with increasing seed content. This is, however, clearly not the case.  
A nonlinear relationship can also be observed between the seed content and the 𝑑33
∗ . Because of the asymmetry 
observed in this system, this value is shown as determined from the application of a positive and negative field, where the 
positive 𝑑33
∗  is shown with a filled symbol and the negative 𝑑33
∗  is shown with an open symbol. The difference between the 
values under positive and negative fields is a reflection of the asymmetry. At 50 mHz, the largest asymmetry occurs in the 
0-3 composite of 20% seed content, whereas in the 2-2 composites a higher degree of symmetry can be observed. In general, 
an increase in the 𝑑33
∗
 value can be observed in the 0-3 composites at 50 mHz with increasing seed content, despite the fact 
that this value is lower both in the seed (191 pm/V) and matrix (400 pm/V), the only exception being the 10% 0-3 
composite, which falls to 319 pm/V. Under 1 Hz, the largest asymmetry occurs in the 0-3 composite with 30% seed content. 
Comparing the 0-3 and 2-2 composites, at 20% seed, there is an overlap in their 𝑑33
∗  values, similar to the overlap of the 
remanent polarization values. At 30% seed, the 0-3 composite 𝑑33
∗
 exceeds the 2-2 composite by nearly 20 pm/V.  
In the 2-2 composites, a lower frequency (50 mHz) applied field results in an observable drop in the 𝑑33
∗ . The 
difference in internal stress states between 0-3 and 2-2 composites may play a role in this behavior. In addition, the larger 
surface area around which charge accumulation can occur in 2-2 composites affects the conductivity and build-up of 
internal fields. Considering the asymmetry observed both here and in the referenced work, the presence of an internal field 
may affect the response at different frequencies. The asymmetry in the 30% 0-3 composite was present at 1 Hz, pointing 
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to a large-scale charge accumulation in the composite. However, these values are still well below the 𝑑33
∗
 of lead-based 
ferroelectrics, which ranges from 600 to 800 pm/V [58]. 
Groh et al. had investigated the frequency dependent large signal behavior of BNT-BT-KNN/BNT-7BT 0-3 
composites and shown that a reduced frequency resulted in an increased 𝑑33
∗ . In that work, the composition at which the 
highest strain was observed also shifted with higher frequencies, from 20% seed at 500 mHz, to 30% seed at 50 Hz [169]. 
This shift was explained by Groh et al. as follows: PNRs are exposed to an applied field for less time at higher frequencies, 
giving them less time to grow and develop long-range ferroelectric order. Therefore, at higher frequencies, a larger quantity 
of seed material is required to lower the poling field and induce switching of the matrix phase. In this work, at lower 
frequencies the highest strain is observed in the 20% 0-3 composite, and at higher frequencies the strain response is 
increased at both 20 and 30% seed.  
 
Because BNT-BT-KNN composites have a 𝑑33
∗  value that renders them competitive with PZT, a more detailed 
investigation of their large signal response was performed as a function of temperature. As 0-3 composites were already 
investigated for their temperature-dependent ferroelectric behavior by Groh et al. [169], a comparison between 0-3 and 2-
2 composites can be made. All measurements for the figures below were performed using a maximum electric field of 4 
kV/mm, 1 Hz bipolar cycles. Measurements were limited to this applied field in order to prevent electrical breakdown of 
2-2 samples due to internal stresses at higher fields.  
Figure 6.8 depicts the ferroelectric response of BNT-7BT, while Figure 6.9 shows the same for BNT-6BT-3KNN. 
These data are provided as reference for the behavior of the composites. In BNT-7BT, with increasing temperature, the 
polarization loop narrows, indicating a reduced coercive field, and the maximum polarization increases. The negative strain 
decreases with increasing temperature, and by 130 °C the strain response is similar to that of an ergodic relaxor, resulting 
in a higher total usable strain. The Td of BNT is 106 °C [240]. In this work, Td occurs at 124 °C. A pinching of the 
polarization loop can be observed at 110 °C, which becomes more pronounced at 130 °C. This is indicative of a field-
induced RE-FE transition, which is reversible at this temperature. Its reversibility is the result of the reduction of the 
correlation length of PNRs with increasing temperature. The same change in polarization loops as a function of temperature, 
namely the increasingly pinched shape, has also been demonstrated in BNT-6BT by Xu et al. [72]. The RE-FE transition 
was predicted by Raman spectroscopy as a function of temperature in BNT-6BT by Wylie-van-Eerd et al. [267], who 
observed no discontinuity in structure in this temperature range, and, therefore, proposed that there is a loss of long-range 
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ferroelectric order and a reduction of the correlation length of order parameters, resulting in a nonpolar response to applied 
electric fields. A reduction in the coercive field, remanent polarization and maximum polarization, with increased 
temperature in BNT-6BT was also observed by Zhang et al. [268]. In situ XRD investigations of BNT-BT showed that 
with increasing temperature a reduced (200) peak splitting occurs, which in BNT-5BT results in a single (200) peak a 167 
°C indicative of a cubic phase [269]. In the same study, increased BT content resulted in a higher transition temperature. 
Therefore, the highest temperature recorded here is still below the phase transition temperature of this seed and a hysteresis 
should still be observed. This hysteresis is a double-loop due to the reversible field-induced FE state above the TF-R. 
 
Figure 6.8: BNT-7BT temperature-dependent ferroelectric response, 30 °C to 150 °C, under applied fields 
of 4 kV/mm, 1 Hz, showing the 2nd strain and polarization loops 
BNT-BT-KNN (Figure 6.9) shows a reduction in the maximum polarization with increasing temperature, as well 
as a reduction in the coercive field. This is in line with temperature-dependent ferroelectric behavior of BNT-6BT-2KNN 
and BNT-6BT-1KNN characterized by Jo et al. [270]. The width of the polarization loops decreases, also pointing to a 
reduced coercive field with increasing temperature. Similarly, the strain response to applied field at this temperature is 
nearly quadratic, characteristic of electrostriction, with slimmer hysteresis loops. Increasing temperature results in a drop 
in the maximum strain in BNT-BT-KNN, limiting its so-called “giant strain” [173] behavior to temperatures below 80 °C. 
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This temperature limitation has significant implications for the usability of this material system, due to the broad 
temperature ranges to which actuators are exposed [128]. In terms of large signal ferroelectric behavior, the maximum 
unipolar strain of BNT-6BT-3KNN was shown to reduce with increasing temperature, accompanied by a narrowing of the 
hysteresis loop, in support of the data presented in this work [271].  
 
Figure 6.9: BNT-6BT-3KNN temperature-dependent ferroelectric response, from 30 °C to 150 °C, under 
applied fields of 4 kV/mm, 1 Hz, showing the 2nd strain and polarization loops 
The temperature dependent large signal ferroelectric response of 2-2 composites of BNT-BT-KNN/BNT-BT are 
shown in Figure 6.10. The 10% composite response displays an increased conductivity with increasing temperature, which 
begins at 120 °C. As a consequence, the polarization loops have an arched shape defined by an increase in polarization 
when reducing the applied field from Emax [48]. From 30 °C to 90 °C the polarization loops narrow in width, indicating a 
decrease in the coercive field. Above 90 °C, the loops begin to widen, indicating an increased coercive field. In this 
temperature range, an increase in conductivity can also be observed in the polarization loops. No conductivity contributions 
can be observed in the polarization loops of the pure constituents, as shown in Figure 6.8 and Figure 6.9, indicating that 
this conductivity is likely a consequence of the composite structure. Two possible explanations for conductivity can be 
speculated, the first being that a new, conductive composition is formed at the interface of the two end members; the second 
possible explanation is that as a consequence of internal stresses, microcracks and increased porosity arise, resulting in a 
conductive path between electrodes during the painting and burning in of silver paste as electrodes.  
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Figure 6.10: BNT-BT-KNN/BNT-BT 2-2 10%, 20%, 30% composite temperature-dependent ferroelectric 
response from 30 °C to 150 °C, under applied fields of 4 kV/mm, 1 Hz, showing 2nd loops 
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With 20% seed content, it can be observed that the polarization loop narrows at 70 °C, as a result of reduced Ec, 
and remains narrow up to 110 °C. At this temperature, and going up to 150 °C, polarization loops characteristic of 
conductive ferroelectrics appear, as was pointed out previously in the discussion of the 10% composites. The maximum 
polarization remains at approximately 25 µC/cm2 from 30 °C to 90 °C. At higher temperatures, the maximum polarization 
increases more rapidly with increasing temperature, maximizing at 30 µC/cm2 at 150 °C.  
In the 2-2 composite with 30% seed content, the maximum polarization is stable with temperature up to 100 °C 
and begins to increase at 110 °C. A polarization loop characteristic of leakage can be observed at 120 °C, with the leakage 
current becoming more pronounced with increasing temperature up to 150 °C. The coercive field reduces with increasing 
temperature, as indicated by a narrowing of the polarization loop, up to 100 °C, beyond which it begins to widen again. 
The maximum strain of the 10% 2-2 composite increases slightly with increasing temperature up to 110 °C, and 
then begins to reduce at higher temperatures between 130 °C and 150° C. At 150 °C the hysteresis of the strain response 
is almost gone, which can be ascribed to an increased crystalline symmetry in the material and an electrostrictive response 
to applied field, rather than a ferroelectric alignment of domains resulting in an enhanced strain response. The hysteresis 
begins to decrease at 90 °C. In contrast to BNT-BT-KNN, there is a marked stability in the maximum strain from 30 °C to 
130 °C in the composites, thereby increasing the temperature range under which this material could be utilized as an 
actuator. 
The strain response of the 20% 2-2 composite maximizes at 50 °C. The asymmetry of the strain response does not 
become apparent until 90 °C, which may imply that the formation an internal field that causes this asymmetry occurs at a 
higher temperature in the 20% composition than the 10% composition. The remanent strain is reduced with increasing 
temperature, and the negative strain is almost completely absent from 90 °C on.  
In the 30% 2-2 composite, the maximum, negative and remanent strain are nearly identical at 30 °C and 50 °C. 
At 70 °C a drop in the maximum strain can be observed. At 90 °C the maximum strain increases slightly and an asymmetry 
arises in the maximum strain value. This asymmetry persists up to 150 °C. Between 90 °C and 130 °C, the maximum strain 
remains stable again, as does the remanent strain. A minor asymmetry was observed in the 30% 0-3 composites by Groh 
et al. at 75 °C, but was not apparent at higher temperatures [169].  
 There is a drawback to the 2-2 composite temperature stability, in that the maximum strain achieved by this 
composite structure, which never exceeds 0.12%, is below that of the pure matrix strain at 130 °C, which has a value of 
0.14%. A stabilization of the 𝑑33
∗  as a function of temperature was also observed in 0-3 composites with 30% seed by Groh 
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et al. [169]. An asymmetry can be observed in the maximum strain under positive and negative field at all temperatures, 
which may be indicative of an internal field aligning domains preferentially, as was shown at room temperature in this 
system in Figure 6.6.  
 
Figure 6.11: Coercive field analysis of 2-2 BNT-BT-KNN/BNT-7BT composites at different seed contents, 
showing the average coercive field and the asymmetry in the coercive field as a function of temperature, 
with the positive coercive field shown using empty symbols and negative coercive field shown using filled 
symbols 
In Figure 6.11, the coercive field is presented as a function of seed content and temperature. For all samples, the 
coercive field tends to decrease with increasing temperature up to 90 °C. The pure seed material coercive field decreases 
with temperature nearly linearly up to 120 °C, as do the pure matrix material and 30% composite. The coercive field of the 
10% 2-2 composite also decreases with increasing temperature, in line with temperature-dependent measurements of 0-3 
composites that show a reduction in the coercive field no matter the seed content [169], but the behavior of the 20 and 30% 
seed 2-2 composites does not correspond to 0-3 composite behavior of the same composition. In the 20 and 30% 
composites, the coercive field increases with increasing temperature. These composites also have a larger asymmetry in 
the coercive field, indicating an internal bias field.  
30 60 90 120 150
0.0
0.5
1.0
1.5
2.0
2.5
30 60 90 120 150
-2.5
-2.0
-1.5
-1.0
-0.5
0.0
0.5
1.0
1.5
2.0
2.5
30 60 90 120 150
-0.6
-0.4
-0.2
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
2.2
2.4
A
v
e
ra
g
e
 C
o
e
rc
iv
e
 F
ie
ld
 (
k
V
/m
m
)
Temperature (°C)
C
o
e
rc
iv
e
 F
ie
ld
 (
k
V
/m
m
)
Temperature (°C)
A
s
y
m
m
e
tr
y
 o
f 
C
o
e
rc
iv
e
 F
ie
ld
 (
k
V
/m
m
)
Temperature (°C)
 0%
 10%
 20%
 30%
 100%
   
166 
 
 
Figure 6.12: Remanent polarization and large signal piezoelectric coefficient of 2-2 BNT-BT-KNN/BNT-
7BT composites as a function of temperature at different seed contents, from 0% (pure BNT-BT-KNN), to 
100% (pure BNT-7BT) 
As shown in Figure 6.12, the remanent polarization of the composites remains close to that of the pure matrix at 
temperatures between 30 °C and 100 °C and then increases at temperatures above 100 °C. At 130 °C, the depoling 
temperature of BNT-7BT, all of the composites have the same remanent polarization as the pure seed, and above that 
temperature their remanence exceeds that of both the pure matrix and seed. Once again, this behavior does not correspond 
to the temperature-dependent remanent polarization observed previously in 0-3 composites, in which it was shown that the 
remanent polarization reduces with temperature [169]. This difference is likely due to the conductivity observed in 2-2 
composites.  
The large drop in remanent polarization in the composites relative to the pure seed may in part be attributed to the 
presence of internal stresses. It was shown in Figure 5.12 that the matrix material had residual compressive stresses of 
approximately -100 MPa. It was further shown in Figure 5.24 that such compressive stresses can reduce the remanent 
polarization by up to 50%. On the other hand, the seed material experienced tensile stresses. Previous work in BNT-BKT 
ceramics have shown that tensile stresses in thick films resulted in a reduced remanent polarization [201]. It is, therefore, 
likely that the residual stresses in the 2-2 composites play a role in its ferroelectric response.  
The 𝑑33
∗  at 30 °C is highest in the pure matrix material, and this superiority continues up to 110 °C. A steady drop 
in the 𝑑33
∗  can be observed with increasing temperature. However, the seed material shows a drop in 𝑑33
∗  from 30 °C to 40 
°C, remains stable at 50 °C and then begins to climb, reaching a maximum at 130 °C. It is clear that of the five compositions 
investigated, pure BNT-7BT has the highest 𝑑33
∗  value at temperatures between 120 °C and 150 °C. It appears that the 
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addition of BNT-7BT to BNT-BT-KNN as a 2-2 composite results in a temperature stable 𝑑33
∗ , as evidenced by the small 
difference in 𝑑33
∗  in the composites in the temperature range of 30 °C to 150 °C. The effect of seed content is also noticeable. 
The 10% composite shows the lowest 𝑑33
∗  between 30 °C and 120 °C and decreases in value above 120 °C, from 312 pm/V 
to 300 pm/V at 130 °C. It drops 20 pm/V at 140 °C and 150 °C. The 20 and 30% composites have nearly the same 𝑑33
∗  values 
of approximately 350 pm/V over the whole measured temperature range. This was not the case in 0-3 composites, measured 
by Groh et al., which showed a range of 350 to 450 pm/V when measured at 4kV/mm, 500 mHz in the 20% and 30% 
composites [169]. As a result of the conductivity apparent in 2-2 composites, the electromechanical performance is less 
suitable for actuators than 0-3 composites.  
 
Digital image correlation enables strain tracking of individual regions of the 2-2 composite. This technique was 
described in detail in the Experimental Methods chapter and was used in Chapter 5 to determine the transverse strain of 
the individual end members. The local strain in a 2-2 BNT-BT-KNN/BNT-7BT is depicted in Figure 6.13 under bipolar 
loading of 4 kV/mm. There is a clear interface between the seed and matrix regions in terms of the degree of strain in each 
region. In particular, a difference between the middle region and the top and bottom regions can be observed,  after 
application of both a positive and negative field. A negative strain, indicating compression, can be observed in the matrix 
region, whereas a positive strain, indicating tension, can be observed in the seed region. These strain directions correspond 
to the directions of the stresses predicted from the difference in transverse strain of the pure end members, (see Figure 
5.21). The center of the seed region has a strain of 0.2%, whereas the interface between the seed and matrix regions has a 
strain of 0.1%, with a small region where a gradient can be observed.  
 
 
Figure 6.13: Strain maps of BNT-BT-KNN/BNT-7BT 2-2 composites under applied electric field of 4 
kV/mm, 10 mHz, with the black line across the panel corresponding to the applied triangular waveform 
of the electric field, whose values in % strain are indicated on the axis to the right. Obtained through DIC 
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by Dr. Di Chen of the Karlsruhe Institute of Technology, with the entire sample of 2.5 mm height 
represented in each panel 
An average of the strain for the regions of matrix and seed can be determined as a function of applied electric field 
using this technique, the result of which is shown in Figure 6.14. In addition, a larger remanence can be observed in the 
matrix layer of the composite than in the pure end member. A slight asymmetry in the maximum strain of the bottom matrix 
layer is apparent, which parallels the observations of asymmetry in the total strain of the 2-2 composites shown in Figure 
6.5.  
 
Figure 6.14: Longitudinal and transverse strain in 2-2 BNT-BT-KNN/BNT-7BT composite by region, 1st 
cycle under 4kV/mm, 10 mHz frequency bipolar loading  
A comparison between the remanent strain of the free constituents and the components of the 2-2 composite is 
made in Table 10. The remanent strain of the matrix and seed regions reduces in the 2-2 composite relative to the freely 
sintered end members.  This may be due to a clamping effect arising from the internal stresses in the 2-2 composites. The 
𝑑33
∗  value of the matrix layer increases slightly from 442 pm/V in the freely sintered state to 468 pm/V in the composite. 
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On the other hand, the 𝑑33
∗  value of BNT-7BT decreases in the composite structure. As shown in Figure 5.21, and Figure 
5.12 during application of an electric field, and as a consequence of differences in CTE, the seed material is in tension, 
while the matrix material is in compression. It appears that such stresses result in an enhanced strain response in the matrix 
component, and a reduced strain response in the seed component. As previously discussed, stresses perpendicular to the 
direction of applied electric field result in domains oriented parallel to the field, thereby enhancing the bulk strain response 
of the matrix layer. The tensile stresses in the seed material, on the other hand, reduce its strain response. Previous work 
measuring the influence of tensile stress on the polarization response of PZT showed that such stresses result in a 
depolarization of the ceramic [272]. A similar mechanism, which prevents complete polarization of the seed material due 
to tensile stresses, may be the source of the reduced strain response in the seed layer. 
Table 10: Strain Response of components of 2-2 composite determined by DIC and compared to pure 
constituents at 10 mHz, 4 kV/mm 
 εr (%) 𝒅𝟑𝟑
∗  (pm/V) 
BNT-BT-KNN  (freely sintered) 0.07 442 
BNT-6BT-3KNN (2-2 layer) 0.06 (top) 
0.04 (bottom) 
468 
BNT-7BT (freely sintered) 0.22 293 
BNT-7BT (2-2 layer) 0.15 50 
  
 
As was mentioned in the prior discussion, the BNKT-BA/BNT-7BT system serves as a model of an ER/NR 
composite, used to facilitate investigations of chemical interaction. In order to establish its utility as an experimental model, 
a demonstration of enhanced electromechanical properties was undertaken through measurements of its strain and 
polarization response to large signal electrical fields.  
The presented measurements were performed with a maximum applied field of 4kV/mm and a frequency of 1 Hz 
(Figure 6.15). At this field, the polarization response of the 0-3 and 2-2 structures overlap almost perfectly, indicating a 
very similar bulk electrical response. The maximum strain of the composite exceeds that of the matrix. At 50% the 0-3 
composite has a higher strain than the 2-2 composite, at 20% and 40% seed the strain response is identical and at 10% and 
30% the strain response of the 2-2 composite is higher than the 0-3 composite. An overlap in the polarization loops of the 
0-3 and 2-2 composites is apparent. 
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Figure 6.15: BNKT-6BA/BNT-7BT composites large signal polarization and strain loops at 4kV/mm, 1 
Hz 
The polarization and strain loops of BNKT-6BA/BNT-7BT composites to a maximum applied field of 6 kV/mm 
at 1 Hz are shown in Figure 6.16 for 2-2 and 0-3 composites as a function of seed content. The matrix (BNKT-6BA) and 
the seed material (BNT-7BT) are also shown, in blue and red, respectively. It can be clearly seen that the 2-2 and 0-3 
composites show a nearly constant maximum polarization of 42 μC/cm2 as a function of seed content up until 50%. The 
30 %, 40% and 50% composites of both 0-3 and 2-2 structures have a higher maximum strain than the starting matrix and 
seed materials. The 10 and 20% composites show a very similar strain and polarization response for both the 0-3 and 2-2 
structure. At higher seed percentages, the 2-2 structure has a slightly higher strain response of approximately 0.02% relative 
to the 0-3 structure.  
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Figure 6.16: BNKT-6BA/BNT-7BT composites large signal strain and polarization loops at 6kV/mm, 1 
Hz 
Another parameter of note is the negative strain, or more specifically, lack thereof in these composites. The 
negative strain, therefore, does not follow a rule of mixtures upon addition of the BNT-7BT seed. The same is true of the 
remanent strain, which remains below 0.01% for all composites. The maximum polarization does not increase with 
increasing seed content either, as has been previously observed in BNT-BT-KNN/BNT-7BT composites [1].  
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Figure 6.17: 𝑑33
∗ , remanent polarization and coercive field as a function of seed content and composition, 
at 4 and 6 kV/mm maximum electric field for BNKT-6BA/BNT-7BT composites 
In Figure 6.17, an analysis of the characteristic parameters of the large signal response are compared as a function 
of seed content, for both 4 kV/mm and 6 kV/mm. For seed contents of 10 and 20%, the 𝑑33
∗  decreases in both the 0-3 and 
2-2 composites. With 30 and 40% seed content, the 2-2 composite shows a much larger 𝑑33
∗  than the 0-3 composites, and 
the 𝑑33
∗  overlaps for the 0-3 and 2-2 composites at 50% seed content. Under fields of 6 kV/mm, there is an enhanced 𝑑33
∗  
relative to the pure matrix material for all compositions and structures. At seed contents of 10, 20 and 50%, the 0-3 
composite has higher 𝑑33
∗  values, whereas at 30 and 40% seed, the 𝑑33
∗  value is highest in the 2-2 composites. It should be 
noted that the maximum strain of the pure matrix material is lower than 0.2% that previously reported by Lee et al. [7]. 
This is most likely due to a shorter sintering time of 2 h as opposed to 4 h, which in this study was tailored to optimize co-
sintering with BNT-7BT. While all ceramics produced in this work had a density of at least 95%, a reduced sintering time 
would also affect the chemical homogeneity within grains, as well as grain size. Interestingly, a simple rule of mixtures 
approach would suggest that there should be little enhancement in the unipolar strain of the composite structure due to 
similar maximum strain values of the end members. In addition, the stability of the 𝑑33
∗  values in the 2-2 composites with 
varying seed content also indicates that the enhancement observed is not necessarily due to the presence of the polar seed, 
but an interaction between the seed and matrix materials that is identical in all four compositions, independent of seed 
content. Figure 4.14 showed that the diffusivity of Al is stable in the 30, 40 and 50% 2-2 composites, paralleling the uniform 
𝑑33
∗  for these three compositions. It is possible that this observed plateau in the diffusivity indicates a saturation above 
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approximately 30% seed. Therefore, chemical diffusivity may play a significant role in the electromechanical behavior of 
the 2-2 composites, in addition to the exact value of the seed content.  
The remanent polarization remains stable no matter the seed content, and significant increase can be observed 
from 50 to 100% seed. This is indicative of an ergodic nature in the composites, be they 0-3 or 2-2 in structure, and aligns 
with the negligible negative strain observed in this system as well. The coercive field does not vary with increasing applied 
field, and the value remains independent from seed content. 2-2 and 0-3 composites have nearly identical coercive fields, 
which is expected from the strong overlap of the polarization loops shown in Figure 6.15 and Figure 6.16. As shown in 
Figure 6.17, the coercive field is not strongly affected by the composite structure. 𝑑33
∗  as a function of seed varies greatly 
between the 4 and 6 kV/mm responses. An enhancement of this value is only observed at 4 kV/mm in the 40% seed. At 6 
kV/mm, however, an enhancement can be observed relative to the pure matrix for all composites. This is likely because 
measurements performed at 4 kV/mm did not reach the poling field of the system, limiting the strain response to 
piezoelectric strain and electrostriction, whereas at 6 kV/mm, the field is high enough to induce a ferroelectric state 
followed by domain switching, thereby increasing the contribution to the total strain from purely piezoelectric to the 
additional strains of domain alignment and switching.  
The EDS analysis shown in Chapter 4 may help to explain the large and small signal electromechanical response. 
In the 2-2 composite, the millimeter length scale of diffusion of Al was shown to result in the formation of at least two new 
solid solutions in the matrix: (i) an Al-depleted matrix phase (BNKT-BA), which is known to have high 𝑑33 values [2], 
and (ii) a Ba-doped BNKT-BA phase. BNKT-1.5BA and BNKT have been used as seed material in composite systems, 
where BNKT-6BA is the matrix and is shown to significantly reduce the poling field and increase the strain response [150]. 
Such a system can be described as a functionally graded ceramic [273], which has been observed by Zhang et al. both in 
lead-based [274] and lead-free [275] laminate piezoceramics. However, in the 0-3 composites the diffusion path is much 
shorter, due to the seed particle size. Therefore the final chemical composition is expected to have a more homogeneous 
distribution of Al throughout the sample, differing from that of the 2-2 composite.  
In the heterogeneous case of 2-2 composites, Al depletion in the matrix phase would result in the formation of 
(100-x)BNKT-xBA, where x < 3 mol% results in a non-ergodic relaxor with high remanent polarization [110]. This would 
imply the formation of new polar constituents that behave like a new “seed,” inducing polarization in the surrounding 
ergodic matrix. BNKT-0.05BA as a seed in a BNKT-BA matrix was previously described by Lee et al. [7] and Jeong et 
al. [150]. Differing from the aforementioned works, in the present study a seed with BaTiO3 was used and the presence of 
Ba was observed in the matrix layer, which was not in the original matrix member.   
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Additional evidence of the influence of Al3+ doping on BNT-BT can be found in the work of Chen et al. [276], in 
which an increase in ferroelectric behavior, based on higher negative strain and remanent polarization, relative to pure 
BNT-6BT, was observed. They argue that this is due to an increase in oxygen vacancies that contribute to the formation of 
defects that act as pinning centers, resulting in a decrease in domain wall motion. Therefore, an Al-rich BNT-BT seed 
phase may result in a higher remanent polarization than a pure BNT-BT middle seed layer alone. However, recent work 
by Bai et al. investigating the addition of BA into BNT-BT has shown that with 2 mol% BA, the remanent strain under 
applied field is almost zero, with a maximum strain of 0.35% [277]. Above and below 2% mol BA, the maximum strain 
falls to values closer to 0.2%. Interestingly, the composition with 2 mol% BA, found to have a maximum unipolar strain 
by Bai et al., approximately corresponds to the amount found in the interdiffusion zone between the seed and matrix in the 
present study.  
The presence of Ba in the interface region was also demonstrated and, therefore, the effect of Ba on the original 
matrix material, BNKT-6BA, must also be examined. Studies on a BNKT-BA material with 6 at% Ba have been performed 
by Fu et al. [278]. In a composition with 6 at% Ba and <4 at% Al, high remanence was observed. This composition is close 
to that observed at the interdiffusion region in the present work, thereby implying that the interdiffusion resulting from the 
2-2 composite structure results in an expanded polar phase in the 2-2 composite, comprised of the BNT-7BT seed and Ba-
doped BNKT-BA. In addition, the influence of compressive stress on the electromechanical response of BNT-BT was 
shown to reduce the remanent polarization. Therefore the presence of compressive stresses in this layer of the 2-2 composite 
will also likely drive down the total remanent polarization of the composite.  
 
The influence of sintering time on the electromechanical properties was investigated, based on evidence of 
increased interdiffusion as a consequence of longer sintering times, as shown in Figure 4.22. It is therefore hypothesized 
that increased interdiffusion contributes to the electromechanical strain, resulting in an increased maximum strain in 
response to an applied electric field. The results of this investigation are shown in Figure 6.18. The maximum strain clearly 
increases with increasing sintering time from 0.032% at 2 h to 0.039% at 6 h and 0.052% at 24 h.  
However, this is accompanied by an increase in negative strain, reducing the total usable strain for actuator 
applications. The coercive field does not have a linear relationship with sintering time, as it increases from 2.13 kV/mm 
when sintered for 2 h to 2.26 when sintered for 6 h, followed by a drop to 2.17 when sintered for 12 h. The 24 h sintered 
sample showed a large increase in the coercive field as compared to the 2 h sample, to 2.4 kV/mm. The maximum and 
remanent polarization follow the same trend as the strain, showing an increase in value with increasing sintering time.  
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As shown in Figure 4.22, increased sintering time resulted in increased interdiffusion of Al and K from the matrix 
to the seed, and of Ba from the seed to the matrix. At 24 h, the chemical composition across the 2-2 composites was 
essentially homogeneous. For the matrix material, a K content below 15% has been shown to have a higher remanent and 
maximum polarization than the same material with K contents of 20-25% [109]. Therefore, diffusion of K out of the matrix 
and into the seed would result in a reduced K content in the matrix and a resultant increase in the polarization response as 
well as a reduced ergodicity of this response. The strain response would also be similarly affected by the loss of K, as the 
same work showed that the negative strain of BNKT-BA with 15 and 20% K has a negative strain between 0.1 and 0.15%, 
whereas higher K contents of 20 and 25% result in a negative strain of 0.05 and 0%, respectively. Therefore diffusion of 
K out of the matrix is expected to also increase the negative strain.  
 
Figure 6.18: Strain and polarization loops in response to applied electric field of 4 kV/mm, 50 mHz for 
2-2 BNKT-6BA/BNT-7BT composite of 40% BNT-7BT content sintered for 2 h, 6 h, 12 h, and 24 h 
In the work of Ullah et al. the maximum strain increased with increasing K content, because of the increased 
ergodicity of the material. In this work, a lower K content in the matrix did not reduce the maximum strain. Instead, an 
increase in the maximum strain is shown in Figure 6.19 in the 2-2 composite. This increase in strain may be due to the 
changed chemical composition of the seed layer, as well as the influence of Ba diffusing into the matrix layer, which was 
not investigated in Ullah et al.’s work.  
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There is also a reduced concentration of Al in the matrix layer with increasing sintering time. The influence of Al 
content on the electromechanical response of BNKT-BA was investigated by Ullah et al. [108]. Increasing Al content from 
0 to 7.5% resulted in a reduced coercive field, remanent polarization and maximum polarization. Therefore, a reduced Al 
content in the matrix phase as a consequence of diffusion into the seed would increase the maximum polarization and 
remanent polarization, as can be observed in Figure 6.19. The negative and maximum strain were shown to also be strongly 
dependent on Al content, with a complete disappearance of the former at an Al content of 5%, as compared to a negative 
strain of 0.15% with an Al content of 2.5%. It can therefore be expected that a reduced Al content in the matrix would 
result in an increase of the negative strain, corresponding to the behavior shown in Figure 6.19 of an increasing negative 
strain with increasing sintering time.  
 
Figure 6.19: Effect of sintering time on strain and polarization in BNKT-BA/BNT-7BT 2-2 composite of 
40% BNT-7BT 
A similar influence of sintering time on composites was observed by Lee et al. in the 0-3 composite system of 
BNKT-6BA/BNT [149]. In that work, it was shown that Al and K diffuse into the BNT phase. The maximum polarization 
increased with increasing sintering time, but the remanent polarization reduced from 4h sintering to 36 h sintering, and an 
increase was only observed at 56 h sintering. The strain response reduced slightly from 4 to 12 h, and increased at 36 h. 
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For these three sintering times the strain response could be described as ergodic, however at 48h sintering time, the strain 
response had a large remanence in the bipolar loop and a very narrow hysteresis and maximum strain in the unipolar loop. 
The enhancement observed up to 36 h was attributed to the larger grain size of the BNT seed. However, an increased 
sintering time resulted in greater interdiffusion of Al and K into the BNT seed, reducing its ferroelectric behavior.  
 Large Signal Ferroelastic Stress-Strain Behavior in Lead-free Composites 
A stress-induced transition to a ferroelastic state analogous to the electric field-induced transition to a ferroelectric 
state has been observed both in lead-based [279] and lead-free [197] relaxors. It is also known to effect the 
electromechanical response of ferroelectrics [280]–[283]. Therefore, the ferroelastic behavior of BNT-6BT-3KNN, BNT-
7BT and 0-3 composites thereof were examined at uniaxial stresses up to -500 MPa. All measurements shown in this 
section are virgin curves. 2-2 composites were not included in this study due the high likelihood of mechanical failure in 
this composite structure as a result of existing internal stresses. A correlation between ferroelastic and ferroelectric behavior 
was expected, due to the ability of compressive stresses to induce a ferroelectric state through domain formation in BNT-
6BT as observed by Schader et al. [76]. Such a correlation between the ferroelastic and ferroelectric behavior has also been 
observed in lead-based systems such as PZT [284].  
Each composition will first be discussed independently in terms of the influence of temperature on its stress-strain 
curve. This will be followed by a comparison of characteristic parameters, i.e., maximum strain, hysteresis, remanent strain 
and back-switching, between all compositions, including pure constituents. Room temperature measurements of the pure 
matrix and seed components are shown in Figure 6.20. The remanent strain of BNT-7BT is much higher than that of BNT-
6BT-3KNN, parallel to the remanence in response to an applied electric field. The maximum strain achieved by 
compressing BNT-7BT is -0.78% as compared to -0.46% for BNT-6BT-3KNN, showing a much higher strain response in 
the seed. This may be due to the fact that -500 MPa is below the coercive stress of BNT-6BT-3KNN, as evidenced by the 
absence of an inflection point in its loading curve, whereas the coercive stress of BNT-7BT is approximately -320 MPa at 
room temperature. Below the coercive stress, generally termed the onset stress [76], [197], [285], [286], the alignment of 
PNRs by an applied field is initiated, which contributes to the total strain in addition to the linear elastic deformation, 
thereby resulting in a nonlinear stress-strain curve as can be observed in Figure 6.20.  
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Figure 6.20: Ferroelastic behavior of BNT-7BT and BNT-6BT-3KNN at room temperature, -500 MPa 
maximum uniaxial stress, 5 MPa/s loading rate, virgin loops, one cycle 
The temperature-dependent behavior of the matrix BNT-6BT-3KNN and seed BNT-7BT, as well as 0-3 
composites thereof, were evaluated for ferroelastic behavior in a temperature range of -40 °C and 130 °C, corresponding 
to the operating temperatures of piezoceramic actuators in automotive applications [287]. The addition of 3KNN to BNT-
BT appears to push the material towards an ergodic phase chemically. 
The ferroelastic behavior of BNT-7BT as a function of temperature is shown in Figure 6.21. With increasing 
temperature, the remanent strain reduces, resulting in a fully closed, double-loop like, hysteresis at 110 °C. At 130 °C, no 
hysteresis is visible. This temperature corresponds to the depoling temperature at which the electrical response is ergodic, 
shown in Figure 6.8. At 130 °C, the maximum strain drops to -0.5% from the room temperature strain of -0.9 %. A similar 
reduction in maximum strain with temperature was observed in BNT-6BT by Webber et al. [197] and was attributed to the 
reduction of spontaneous strain in the unit cell with increasing temperature. At temperatures below room temperature, a 
relatively high coercive field can be observed from the inflection point of the stress-strain response. The maximum strain 
increases with increasing temperature from -40 °C to 130 °C. However, structural investigations of BNT-BT at low 
temperature by Ma et al. have not revealed any changes in crystal structure [288]. Therefore, this difference cannot be 
attribute to a temperature-dependent phase transition. The lower strain may result from the lower contribution of 
mechanically induced domain formation, i.e. a mechanically induced RE-FE transition. Because domain formation is more 
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difficult at low temperatures, and the coercive stress is higher, stress-induced domain formation and switching contributes 
less to the total strain of the sample at low temperatures [289].  
Figure 6.21: Ferroelastic behavior of BNT-7BT from -40 °C to 130 °C, under a compressive stress of 500 
MPa applied at 5 MPa/S, 1st and 2nd cycle 
As shown in Figure 6.22, in BNT-6BT-3KNN, at low temperatures, a remanence could be observed, as well as a 
hysteresis of the loops. With increasing temperature, the remanence is reduced, completely disappearing at 50 °C. The 
hysteresis also notably reduced with increasing temperature, and a complete absence of hysteresis arises at 50 °C. 
Increasing the temperature to 50, 70 and 90 °C resulted in an increased maximum strain of approximately 0.5%, as well as 
a decrease in the area of the hysteresis and an apparent increase in the linearity of the stress-strain curve, indicating a 
reduced contribution of domain switching to the total strain as the temperature increases. The corresponding reduction in 
hysteresis with temperature further corroborates the source of reduced linearity as a reduced degree of switching. Although 
the transition to the ferroelastic state is incomplete, some domain formation occurs, which in BNT-7BT as a nonergodic 
relaxor, is irreversible. The long-range order induced by mechanical stress can therefore be observed as a remanent strain 
in BNT-7BT, whereas in BNT-BT-KNN, removal of the field results in a reversible return to the original sample 
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dimensions; therefore, no remanent strain is observed. In further contrast to BNT-7BT, very little back-switching in the 
pure matrix material occurs.  
 
Figure 6.22: Ferroelastic behavior of BNT-6BT-3KNN from -40 °C to 130 °C, under a compressive stress 
of 500 MPa applied at 5 MPa/S, 1st and 2nd cycle 
 
Having discussed the temperature-dependent ferroelastic response of the pure constituents, an examination of the 
same phenomenon in 0-3 composites is now warranted.  
Figure 6.23 depicts the stress-strain response of the 0-3 BNT-6BT-3KNN/BNT-7BT composites over a 
temperature range of -40 °C to 110 °C. The maximum strain increases with increasing temperature for all composites in 
the temperature range of -40 to 50 °C, above which it reduces with increasing temperature. For all composites, the hysteresis 
decreases with increasing temperature, and by 110 °C there is a complete lack of hysteresis. In the 10% composite, at low 
temperature a pronounced remanence and hysteresis can be observed, both of which decrease with increasing temperature. 
Remanent strain can only be observed at -40 and -20 °C, above which it completely disappears. The lack of remanence 
indicates a reduced long-range order with increasing temperature, whereas the disappearance of hysteresis implies that the 
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PNRs are no longer aligned by an external field due to higher mobility with at higher temperatures. Not surprisingly, similar 
to the pure matrix material, a coercive stress, i.e., an inflection point of the stress-strain curve, is not attained at room 
temperature. However, a clear nonlinearity at 25 °C can be observed in all composites, which becomes more pronounced 
at 50 °C. Above 50 °C, the strain response becomes increasingly linear in all composites. An increase in back-switching 
can be observed at 50 °C, as evidenced by the inflection during removal of the applied field. This phenomenon becomes 
less apparent at temperatures above 50 °C.  
Investigations of temperature-dependent ferroelectric properties in 0-3 composites by Groh et al. showed a 
nonlinear drop in negative and remanent strain of 30% and 50% composites from 50 °C to 70 °C [169]. This nonlinearity 
does not occur in the remanent polarization. No nonlinearities were apparent in 0-3 composites in the dielectric response 
[147]. In the pure matrix material, a reduction of the hysteresis occurs at 50 °C. Zhang et al. observed a freezing temperature 
of BNT-BT-3KNN at 48 °C [98]. At this temperature, a transition from a non-ergodic to an ergodic response occurs, i.e., 
the long-range order of PNRs is disrupted by thermal destabilization. The nonlinearities observed at 50 °C may be 
associated with this transition. 
Figure 6.23: Ferroelastic response of BNT-6BT-3KNN/BNT-7BT 0-3 composites of 10, 20 and 30% seed 
content, as a function of temperature 
Measurements were also performed at -150 °C to test the limits of the ferroelastic stress-strain response at low 
temperatures, the results of which are depicted in Figure 6.24. The maximum strain decreased to approximately -0.4% for 
the 0 and 10% compositions. The addition of 20% seed resulted in an enhanced strain response of -0.45%. An increase in 
back-switching with temperature can be seen in this composition as well. It has been previously predicted that an ergodic 
- nonergodic transition would occur in BNT-6BT-3KNN at low temperatures. These measurements of ferroelastic behavior 
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do not provide evidence of such a transition, as the remanent strain remains very low even at low temperatures. This may 
be because the coercive stress of BNT-BT-KNN is not attained, as it is above the fracture stress of this material. Although 
a change in crystal structure from pseudocubic to rhombohedral was observed through in-situ XRD measurements at -290 
MPa (see Figure 5.16), a transition from relaxor to ferroelastic behavior has not been observed at this pressure. This 
corresponds to investigations where the addition of KNN to BNT-7BT increased the coercive field [173]. The stress-strain 
curve of pure BNT-7BT narrows significantly at -150 °C relative to its response at -40 °C shown in Figure 6.21. It is likely 
that the reduced hysteresis and remanent strain is the result of an increased coercive field at this low temperature. The 
maximum strain is highest in the 20 and 30% composites and exceeds that of both the pure matrix and seed by 0.04%. 
 
Figure 6.24: Ferroelastic Response of BNT-6BT-3KNN/BNT-7BT 0-3 composites with different seed 
contents at -150 °C under an applied mechanical stress of -500 MPa, 1st and 2nd loop 
A comparison of the characteristic parameters of ferroelastic stress-strain curves of all compositions of BNT-6BT-
3KNN/BNT-7BT 0-3 composites is shown inFigure 6.23. Maximum strain, remanent strain, hysteresis, and back-switching 
are compared for all compositions over the temperature range of -150 °C to 130 °C. Just as in the ferroelectric case, an 
increase in the maximum strain can be observed in the composites relative to the pure matrix material at all temperatures 
other than -20 °C. The discrepancy at this temperature may be due to measurement error and resultant data scattering. At 
room temperature, the 30% composite has the same maximum strain as the pure seed, despite the fact that its remanent 
strain is very low (below -0.05%). At 130 °C, the maximum strain of all composites exceeds that of BNT-7BT. The 
remanent strain of the composites does not change significantly with seed content at room temperature, never exceeding 
0.05%, despite the fact that the remanence of the pure seed material is significantly higher, i.e., 0.12% at room temperature. 
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The remanent strain of the seed reduces below and above 0 °C. At room temperature, the remanent strain of the composites 
with 10 and 20% seed falls below that of the pure matrix, a surprising result considering the high remanence of the seed at 
that temperature. The lower remanence observed in these composites does not correspond to the remanent strain as a 
function of composition in response to applied electric fields, which was discussed in 6.3.1. It is possible that a reduced 
remanent strain may be caused by the composite structure, either through mechanical or chemical interactions. For instance, 
the internal stresses arising from differences in sintering trajectories may be released during application of a uniaxial stress. 
As the stress is applied, deformation also occurs perpendicular to the uniaxial stress as a consequence of the Poisson’s ratio 
effect, which is a tensile stress opposing the direction of the applied stress. The tensile stress would result in release of 
compressive internal stresses generated during processing, accompanied by tensile strains. The combination of compressive 
strains and tensile strains results in a net reduction in total strain, therefore resulting in a reduction in remanent strain. 
Chemical interactions through diffusion may also result in an increased ergodicity as a consequence of decreased long-
range order in the perovskite structure. However, as previously discussed, evidence of such chemical interactions in 0-3 
composites of BNT-BT-KNN/BNT-BT has been difficult to obtain.  
Comparing the remanence in response to an electric field shown in Figure 6.8 and mechanical field shown in 
Figure 6.21 as a function of temperature, it is apparent that they follow a very similar pattern, with a linear decrease between 
room temperature and 100 °C, followed by a nonlinear drop at 110 °C, the TF-R of BNT-7BT,. The inflection point for 
remanence observed at the TF-R in response to mechanical stress provides another indication that an applied mechanical 
field results in a domain orientation that is disrupted by increasing temperature.  
The same comparison can be made for the composites, starting from highest seed content. The 30% composite 
has a maximum remanent strain at room temperature and reduces with both increasing and lowering temperature, in 
response to mechanical stress. Groh et al.’s work shows a precipitous decrease of maximum strain from -0.5% at room 
temperature to 0.05% at 50 °C, from which it further lowers to 0 % between 75 °C and 150 °C. In the 30% composite, 
between room temperature and 50 °C a much smaller drop in remanent strain occurs in response to mechanical stress, from 
-0.04 % to -0.025 %. This reduction continues at 70 °C, where a remanent strain of nearly 0% can be observed, and this 
value is stable at 90 and 100 °C. An increase in the remanent strain can be observed, however, at 110 °C and 130 °C. No 
such increase occurs in response to electric field according to Groh et al.’s work. It should be noted that the differences 
between the remanent strain at 50 °C and 100 °C approach the limit of measurement accuracy in this system. The stability 
of remanent strain as a function of temperature in the 10 and 20% composites in response to mechanical fields strongly 
parallels that of the response to electric field shown in Groh et al.’s work. The remanent strain does not increase linearly 
with added seed in the composite and, therefore, does not appear to follow the rule of mixtures approximations. 
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The hysteresis in the composites is more easily justified by the rule of mixtures explanation than the remanent 
strain, as it can clearly be seen that the 30% composite has highest hysteresis at all temperatures. Hysteresis is indicative 
of large inelastic nonlinearities, such as the formation of domains by mechanical stress, which results in a larger volume 
change than a purely linear elastic stress-strain response [41]. At low temperatures, the hysteresis of all the compositions 
is nearly identical. The pure seed experiences the highest increase in hysteresis with increasing temperature up to 0 °C.  
Above 0 °C the hysteresis reduces linearly with increasing temperature up to 110 °C, the TF-R, at which point a 
nonlinear drop in the hysteresis can be observed because of the onset of a nonergodic/ergodic relaxor transition with 
temperature. All of the other compositions also show an increase in hysteresis with increasing temperature, which plateaus 
at room temperature and then begins to reduce with increasing temperature. In the case of 30% seed, a sharp maximum can 
be observed in the hysteresis at room temperature. A similar reduction in the width of the hysteresis loops was observed 
by Groh et al. in 0-3 composites under applied electric field with increasing temperature [169], showing further analogues 
between the mechanical and electrical response of composites.  
Back-switching is stable as a function of temperature in BNT-7BT at between -40 °C and 50 °C. Above this 
temperature, back-switching increases continuously up to 130 °C. In BNT-6BT-3KNN, the level of back-switching 
increases from -40 °C to 50 °C, begins to reduce at 70 °C, and then increases at 90 °C, followed by a precipitous drop at 
100 °C. A reduction in back-switching at this temperature occurs in the 10 and 20% composite, albeit less precipitously. 
However, no such reduction in back-switching was observed in the 30% composite. At 100 °C, the back-switching of the 
30% composite exceeds that of the pure seed material, again defying rule of mixtures predictions. At 130 °C, the back-
switching in all the composites exceeds that of both the pure constituents, which have negligible back-switching. Because 
back-switching is indicative of internal stresses that oppose the applied field, the increasing in back-switching in the 30% 
seed material points to an elevated internal mechanical field, particularly at higher temperatures. This internal stress may 
in part be the result of differences in CTE between the two components of the composite, resulting in an increased back-
switching with increased seed content and temperature.  
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 Summary 
In this chapter, the bulk electromechanical response of BNT-6BT-3KNN/BNT-7BT and BNKT-6BA/BNT-7BT 
composites was presented. The dielectric response of three composite systems was shown. A comparison between the 0-3 
and 2-2 composite structures for all of these systems was presented. In the BNT-6BT-3KNN/BNT-7BT composite system, 
a large difference in the permittivity of the poled and unpoled states was apparent in 2-2 composites, whereas 0-3 
composites demonstrated a behavior more similar to an ergodic relaxor. For composites with BNKT-BA as the ER matrix 
phase, the poled and unpoled states had very similar dielectric behavior as a function of temperature, indicating an 
ergodicity in this system.  
Large signal ferroelectric measurements at room temperature were presented for all three composite systems 
investigated. A large difference in the 2-2 and 0-3 composites was shown for BNT-6BT-3KNN/BNT-7BT system in both 
the polarization and strain response, with a more pronounced pinching of polarization loops in 0-3 composites as well as a 
higher strain response. The frequency dependence of the room temperature ferroelectric response was evaluated in BNT-
6BT-3KNN/BNT-7BT composites, comparing the response at 1 Hz and 50 mHz. An enhancement of the properties was 
observed in 0-3 composites but not in 2-2 composites. At 1 Hz, an enhancement was observed in both composite structures. 
The temperature dependence of ferroelectric response of 2-2 BNT-6BT-3KNN/BNT-7BT composites was evaluated at 4 
kV/mm, 1 Hz applied field. A stabilization of the strain response with increasing temperature was observed, an important 
parameter for actuator applications where self-heating can affect the piezoelectric response of stack actuators. 
BNKT-6BA/BNT-7BT 0-3 and 2-2 composites overlapped in their polarization response, but a much higher strain 
response was observed in 2-2 composites. The maximum electric field dependence of the room temperature ferroelectric 
response was shown for BNKT-6BA/BNT-7BT composites. The strain response was highly dependent on applied voltage. 
An improvement of the ferroelectric properties was only observed at 6 kV/mm applied fields, because this field exceeded 
the coercive field, enabling domain formation and switching contributions to the total strain response.  
The mechanical response to applied compressive stress was evaluated for 0-3 BNT-6BT-3KNN/BNT-7BT 
composites as a function of temperature. Composites showed greater thermal stability than the pure constituents in terms 
of hysteresis and maximum strain, but in general a reduction in the hysteresis and remanence was observed with increasing 
temperature. These results are in many ways analogous to the response of the same system to applied electric field and 
temperature in the work of Groh et al., providing important insight into the parallels of ferroelastic and ferroelectric 
behavior of lead-free relaxor composite systems.  
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The ultimate goal of investigations of lead-free ferroelectrics is the replacement of lead-based materials. The 
composite systems presented in this work demonstrate promising steps towards improving lead-free systems, namely 
through reduction of hysteresis as well as increasing the operating temperature range up to 130 °C under applied electric 
fields. These results provide insight into ways to optimize lead-free materials for actuator applications by changing the 
stress state and chemical composition of composites through sintering trajectories.  
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7. Appendix: Composites of BNT-25ST/BNT-7BT 
A presentation of a “null hypothesis” of interdiffusion between the BNT-ST/BNT-7BT 2-2 composite system is shown as 
an example of a material system in which a very low degree of interdiffusion occurs. Such a system is expected to 
correspond more closely to models that assume no chemical interaction between seed and matrix in composites, e.g., the 
rule of mixtures model, polarization and strain coupling models, and the Brugemann inclusion model, all of which were 
presented in the introduction. The influence of co-sintering on interdiffusion was examined lastly in a 2-2 composite of 
BNT-25ST and BNT-7BT. For this investigation, a bilayer composed of one layer of BNT-7BT and one layer of BNT-
25ST was used. 
 EDS SEM in BNT-ST/BNT-7BT (2-2) 
 
Figure 7.1: An SEM image of the cross-section of the bilayer composite (a), where the white line indicates 
the EDS scanning axis and the arrow shows the BNT-25ST/BNT-7BT interface (b) the EDS scanning 
results for strontium content as a function of distance through the thickness direction, from [290] 
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Figure 7.2: Electron backscatter image of the interface region in the BNT-7BT/BNT-25ST bilayer on the 
left and on the right, a determination of strontium content at 10 points along the scanning line (white 
line) showing the compositional variation at the interface, from [290]. 
In this system, interdiffusion was predicted to be limited, due to the large size of the strontium ion [83]. Figure 
7.1 (a) depicts the full width of the sample, with a white arrow pointing at the interface region at 1200 µm. A large-scale 
analysis of composition across the sample is shown in Figure 7.1 (b), in which a sharp drop in the strontium content at the 
center of the sample can be observed. As shown in Figure 7.2, the interdiffusion range of strontium is quite narrow 
compared to the rest of the composite systems discussed in this work, with an interface region of only 10 µm.  
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 Raman investigations of BNT-25ST/BNT-7BT 2-2 composites 
 
Figure 7.3: Raman spectroscopy comparison of BNT-7BT and BNT-25ST, both freely sintered and in a 2-
2 composite, from [290] 
Further examination by Raman spectroscopy was performed on each component of the composite and compared 
to the spectra obtained from the freely sintered constituent, as shown in Figure 7.3. The spectrum for BNT-7BT corresponds 
very well with the spectrum from the strontium-poor region of the bilayer composite, shown in Figure 7.3(a). This is 
particularly apparent by the splitting of the A1 mode involving the Ti-O bond at approximately 270 cm-1 and the BO6 modes 
centered at ~550 cm-1, which has been shown by Foronda et al. to increase with the concentration of BT [165]. Similarly, 
the spectrum for as-sintered BNT-25ST corresponds well in terms of the positions of the peaks with the portion of the 
bilayer with higher strontium content. These results also agree with previous investigations on the room temperature Raman 
spectra for various compositions of BNT-ST [291]. It was shown that with increasing ST content a peak broadening, (that 
eventually appears as overlapping peaks, occurs at ~256 cm-1), while a shoulder occurred at ~560 cm-1, consistent with the 
findings of this work. The similarity between end members and the respective composite component points to limited 
changed in crystal structure a consequence of co-sintering.  
 Small Signal Dielectric Behavior of BNT-25ST/BNT-7BT composites as a Function of 
Temperature and Frequency 
 All dielectric and electromechanical measurements and samples used for the study thereof were part of an 
Advanced Research Lab performed by Hakimeh Wakily, under the direct supervision of the author.  
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Figure 7.4: BNT-ST Permittivity as a function of temperature, modified from [290]. 
In BNT-25ST. the difference between the poled and unpoled permittivity decreases above 200 °C. Previous 
investigations of poled BNT-25ST have revealed an anomaly in the dielectric loss at 5 °C [292], indicative of a transition 
between the ferroelectric and relaxor state. A change in the latent heat, which is indicative of a phase transition was also 
observed in the field-induced ferroelectric phase at all temperatures. As previously discussed, PNRs often persist above 
this transition temperature, which may explain the broader temperature range at which a difference in the permittivity 
between the poled and unpoled states is observed in this work. BNT-25ST retains high frequency dispersion beyond Tm, 
similar to observations made in PMN, which were explained by surface charge effects [293]. Such surface charges may be 
due to the core-shell structure of BNT-ST, in which the majority of Sr can be found in the shell as a consequence of the 
low diffusability of Sr during calcination[294], resulting in an inhomogeneous charge distribution in individual grains 
[105].  
The dielectric response of 0-3 and 2-2 composites is shown in Figure 7.5. The difference between the permittivity 
values of the poled and unpoled states at room temperature in 0-3 ceramics is on the order of 158 units in 10%. In the 
composites of 20% and 30% seed content the difference between the poled and unpoled samples is nearly 0, and in the 
50% seed 0-3 composite the difference increases to 545 units. In 2-2 composites, the difference between the permittivity 
of the poled and unpoled state at room temperature is between 160 and 180 units, depending on frequency. In the 2-2 
composites of 20% seed content, the difference between poled and unpoled states at room temperature increases to 400 
units at 1 kHz, and remains at this value in the 30 and 50% seed 2-2 composites. The unpoled 2-2 composites have a higher 
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maximum permittivity than the 0-3 for compositions at 10, 20 and 30% seed, with 5607 and 5952 at 10% 0-3 and 2-2 
respectively, 5592 and 5983 at 20% 0-3 and 2-2 respectively, and 6092 and 6252 at 30% 0-3 and 2-2 respectively. 
Increasing seed content increases the maximum permittivity in both the 0-3 and 2-2 composites. The 50% seed composition 
has a higher maximum permittivity in the 0-3 composite than the 2-2, because the permittivity of the 2-2 composite shows 
a decrease at 50% seed, whereas the 0-3 composite continues to increase. 
In the 30 and 50% composite 2-2 composites, there is a drop in the 1 MHz permittivity curve of the poled sample 
at approximately 110 °C, the depolarization temperature of BNT-7BT. At the same temperature, there is a sharp change in 
the slope of the permittivity curve at all frequencies. Schader et al. showed that increased mechanical stress resulted in a 
sharper drop in permittivity in BNT-BT at 77 °C [76]. The presence of internal stresses due to differences in CTE and 
sintering shrinkage is highly likely in this composite system, and appears to result in a compressive stress in the seed as 
opposite a tensile stress as in the BNT-BT-KNN and BNKT-BA composites. There is a further difference in stress states 
in the 0-3 and 2-2 composites: the planar isotropic conditions of 2-2 composites would result in biaxial tensile and 
compressive stresses whereas in the 0-3 composites, hydrostatic stresses are expected. This difference in stress state may 
be why the aforementioned drop in permittivity is observed only in 2-2 composites.  
At temperatures above Tm, a large frequency dispersion between the dielectric response at 1 kHz and 10 kHz can 
be observed in all 2-2 composites, corresponding to the same behavior in pure BNT-ST. This behavior may also be 
attributed to the space charge polarization resulting from an inhomogeneous distribution of strontium in BNT-ST due to 
its core-shell structure. The 2-2 composites have a larger interface surface area than the 0-3 composites, resulting in a more 
pronounced dielectric response that is characteristic of the pure matrix. 
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Figure 7.5: BNT-25ST/BNT-7BT composite permittivity as a function of temperature and frequency from 
room temperature – 450 °C for poled and unpoled samples 
 
At the interface, the addition of Ba to BNT-ST, which has an ionic radius of 1.75 Å as compared to 1.55 Å of Sr 
[83], would result in an increased Goldschmidt tolerance factor. Previous work has shown that an increasing amount of Sr 
added to BNT results in a reduction of the Tm [295], which was attributed to a weakening of the translation symmetry of 
dipoles and a reduction in the size of PNRs. Therefore, an increase in the tolerance factor from that of pure BNT-25ST 
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could result in an increased stabilization of the long-range order, as the substitution of Pt as an A-site cation in BNT has 
revealed in the same work by Lee et al. [295]. It is also possible that internal stresses immobilize the PNRs, and that these 
stresses increase with increasing seed content. Schader et al. showed that it is possible to induce a poled state in BNT-6BT 
through the application of compressive stress and that the sharpness of the dielectric anomaly at TF-R is sharper with higher 
applied mechanical stress [76]. Because such stresses are more prevalent in the planar isotropic conditions of 2-2 
composites than in the hydrostatic stresses of micron scale inclusions in the 0-3 composite, the 2-2 composite structure has 
a higher stress-induced stabilization of PNRs.  
Table 11: BNT-25ST composite system permittivity at room temperature, 1 kHz in the unpoled state 
compared to predicted values of rule of mixtures values calculated from Equation 1.1 
 10% 20% 30% 50% 
Prediction 2116 1905 1694 1272 
0-3 2096 1938 1913 1930 
Deviation -20 33 219 658 
2-2 1828 2058 2130 1960 
Deviation -288 153 436 688 
 
The permittivity values at room temperature in the unpoled state for 1 kHz are shown in Table 11 and compared 
to predicted values calculated using the rule of mixtures with Equation 1.1. In both structures, the composite of 10% seed 
has a permittivity value below the prediction, but the difference is much higher in the 2-2 composite. The 20% composites 
have a higher value than the prediction, but once again the difference is much higher in the 2-2 composite. The uncertainty 
of the permittivity values is 3%, above the deviation of the 0-3 composites, therefore it can be said that the 0-3 composite 
experimental values fall within the predicted values, which is indicative of the retention of the polar seed and nonpolar 
matrix phase properties in the 10 and 20% 0-3 composite structure. The 30 and 50% seed content composites differ from 
the predicted value by 219 and 658 respectively in the 0-3 structure, and 436 and 688 in the 2-2 structure. This larger 
deviation in all of the 2-2 composites and the 30 and 50% 0-3 composites is indicative of a change in the dielectric 
properties of the seed and matrix in the composite structure. Co-sintering was also shown to influence grain size, and that 
may increase the dielectric permittivity values, as previously discussed. Further investigations of sintering stresses and 
microstructure in this composite system are required before a conclusion on the cause of changes in dielectric permittivity 
can be made.  
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 Large Signal Ferroelectric and Piezoelectric Response of BNT-25ST/BNT-7BT 0-3 and 2-2 
Composites 
  
Figure 7.6: room temperature bipolar strain and polarization hysteresis curves for 0-3 and 2-2 
composites as a function of constituent content, performed at a frequency of 1 Hz and a maximum 
electric field 4 kV/mm. BNT-25ST is the matrix material and BNT-7BT is the seed. 
As discussed previously, composites with BNT-25ST as the matrix phase were also used as a model system 
because of the large difference in composition between seed and matrix. Figure 7.6 shows the large signal ferroelectric 
response of composites comprising BNT-25ST as the ergodic relaxor matrix and BNT-7BT as the nonergodic 
relaxor/ferroelectric seed. In comparison to the BNKT-6BA/BNT-7BT composites, this material system shows a high 
negative strain and remanent polarization, with no apparent increase in the maximum strain with increasing seed content. 
A pinching of the polarization loops occurs in the pure matrix and 10, 20, and 30% seed content composites, but at higher 
seed contents this feature is no longer present. 
BNT-ST/BNT-7BT composites did not show any enhancement in the maximum strain relative to the pure 
constituents, and instead showed an increase in negative strain with increasing seed content. They also displayed an 
increased remanent polarization, exceeding that of the pure seed material. 
Figure 7.7 depicts the characteristic parameters of the large signal ferroelectric response for BNT-25ST/BNT-
7BT composites. The remanent polarization can be seen to increase with increasing seed constant, exceeding that of the 
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pure seed material at 30, 40 and 50% seed. The 2-2 and 0-3 composites differ in remanent polarization at 10 and 20% seed 
of 7 and 5 µC/cm2 respectively. At 30 and 40% seed, the difference between the 0-3 and 2-2 composites is below 1 µC/cm2. 
At 50% seed the 2-2 composite exceeds that of the 0-3 composite by 4 µC/cm2, attaining a value of 26 µC/cm2 as compared 
to 19 µC/cm2 in the pure seed. The coercive field appears to increase linearly with seed content in both the 0-3 and 2-2 
composites.  
As a consequence of the increase in negative strain with increasing BNT-7BT content, the total usable strain also 
reduced, which is easily interpreted as a reduction in the large signal piezoelectric coefficient. This reduction is nonlinear, 
with an inflection point between 30 and 40%, indicating that the relationship between piezoelectric coefficient and seed 
content is not a simple rule of mixtures relationship.  
   
197 
 
 
Figure 7.7: piezoelectric coefficient, remanent polarization and coercive field as a function of seed content 
and composition, at 4 kV/mm maximum field for BNT-25ST/BNT-7BT composites 
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no. 3, p. 034107, Feb. 2008. 
[174] V. Hauk and B. Scholtes, Structural and Residual Stress Analysis by Nondestructive Methods. Elsevier, 1997. 
[175] O. G. D’yachenko, S. Y. Istomin, A. M. Abakumov, and E. V. Antipov, Inorg. Mater., vol. 36, no. 3, pp. 247–
259, 2000. 
[176] F. Gao, X. Dong, C. Mao, F. Cao, and G. Wang, J. Am. Ceram. Soc., vol. 94, no. 12, pp. 4162–4164, Dec. 2011. 
[177] L. A. Schmitt, J. Kling, M. Hinterstein, M. Hoelzel, W. Jo, H.-J. Kleebe, and H. Fuess, J. Mater. Sci., vol. 46, no. 
12, pp. 4368–4376, Mar. 2011. 
[178] R. W. Balluffi, S. Allen, and W. C. Carter, Kinetics of Materials. Hoboken, New Jersey: John Wiley & Sons, Inc., 
2005. 
[179] A. Kushima and B. Yildiz, J. Mater. Chem., vol. 20, no. 23, p. 4809, 2010. 
[180] A. Atkinson and T. M. G. M. Ramos, Solid State Ionics, vol. 129, no. 1–4, pp. 259–269, Apr. 2000. 
[181] P. B. Groszewicz, H. Breitzke, R. Dittmer, E. Sapper, W. Jo, G. Buntkowsky, and J. Rödel, Phys. Rev. B, vol. 90, 
no. 22, p. 220104, Dec. 2014. 
[182] I. Abrahams, A. J. Bush, G. E. Hawkes, and T. Nunes, J. Solid State Chem., vol. 147, no. 2, pp. 631–636, 1999. 
[183] J. F. Stebbins, S. K. Lee, and J. V. Oglesby, Am. Mineral., vol. 84, no. 5–6, pp. 983–986, 1999. 
[184] P. B. Groszewicz, H. Breitzke, W. Jo, J. Rödel, and G. Buntkowsky, J. Appl. Phys., vol. 121, no. 11, p. 114104, 
Mar. 2017. 
[185] C. Tealdi, C. Ferrara, L. Malavasi, P. Mustarelli, C. Ritter, A. Spinella, D. Massiot, P. Florian, Z. Gan, and G. 
Hoatson, J. Mater. Chem., vol. 22, no. 21, p. 10488, May 2012. 
[186] A. J. Woo, Bull. Korean Chem. Soc., vol. 20, no. 10, pp. 1205–1208, 1999. 
[187] A. A. Belik, T. Wuernisha, T. Kamiyama, K. Mori, M. Male, T. Nagai, Y. Matsui, and E. Takayama-Muromachi, 
Chem. Mater., vol. 18, no. 1, pp. 133–139, 2006. 
[188] J.-S. Park, C.-J. Jeon, Y.-H. Jeong, J.-S. Yun, and J.-H. Cho, Mater. Lett., vol. 167, pp. 218–221, 2016. 
[189] S. Kawashima, M. Nishida, I. Ueda, and H. Ouchi, J. Am. Ceram. Soc., vol. 66, no. 6, pp. 421–423, 1983. 
   
203 
 
[190] Z. Zhao, V. Buscaglia, M. Viviani, M. T. Buscaglia, L. Mitoseriu, A. Testino, M. Nygren, M. Johnsson, and P. 
Nanni, Phys. Rev. B - Condens. Matter Mater. Phys., vol. 70, no. 2, 2004. 
[191] K. Uchino, E. Sadanaga, T. Hirose, S. W. Kwon, and D. H. Yoon, J. Am. Ceram. Soc., vol. 72, no. August, pp. 
1555–58, Aug. 1989. 
[192] M. H. Frey and D. A. Payne, Phys. Rev. B, vol. 54, no. 5, pp. 3158–3168, 1996. 
[193] H. Chen, B. Shen, J. Xu, L. Kong, and J. Zhai, J. Am. Ceram. Soc., vol. 95, no. 11, pp. 3514–3518, 2012. 
[194] R. Bermejo, Y. Torres, A. J. Sánchez-Herencia, C. Baudín, M. Anglada, and L. Llanes, Acta Mater., vol. 54, no. 
18, pp. 4745–4757, 2006. 
[195] L. Amaral, C. Jamin, A. M. R. Senos, P. M. Vilarinho, and O. Guillon, J. Am. Ceram. Soc., vol. 95, no. 12, pp. 
3781–3787, Dec. 2012. 
[196] P. M. Vilarinho, A. Mahajan, I. Sterianou, and I. M. Reaney, J. Eur. Ceram. Soc., vol. 32, no. 16, pp. 4319–4326, 
Dec. 2012. 
[197] K. G. Webber, Y. Zhang, W. Jo, J. E. Daniels, and J. Rödel, J. Appl. Phys., vol. 108, no. 1, p. 014101, 2010. 
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